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INTRODUCTION 

The inheritance of anthocyanin, flavonol, and related pigments in 
maize is dependent upon a number of genetic factors. Descriptions of char- 
acters and their factorial interrelations have been presented in previous 
publications on aleurone color (EMERSON 1918), general plant color 
(EMERSON 1921), silk color (ANDERSON 1921), and pericarp color (ANDER- 
SON and EMERSON 1923, ANDERSON 1924, MEYERS 1927). Some of the 
more important factorial relations are shown in table 1. 























TABLE 1 
Factorial relations of plant, aleurone, pericarp, and silk colors. 
ALEURONE COLOR sass sia enciscailaates SILK COLOR 
GENES PLANT COLOR wirn CRP, ~ wate Pixs 
ag “i i 
ABP, Purple Purple Red Cherry Salmon 
AbP, Dilute purple Purple Red Cherry Salmon 
ABpi Sun red Purple Red White Salmon 
Abpi Dilute sun red Purple Red White Salmon 
aBP, Brown White Brown Brown Green 
abP; Green White Brown Brown Green 
aBp, Green White Brown White Green 
abpi Green White Brown White Green 








* These pericarp colors are absent with homozygous p. Other allelomorphs of P give varie- 
gated red or brown P*”, red or brown cob with white (colorless) pericarp P’, etc. 

+ The cherry-brown pericarp colors do not appear even in the presence of P; with any combi- 
nation of the allelomorphs of R lacking r°*. 


1 Paper No. 186, Department of Plant Breeding, CoRNELL UNtversity, Ithaca, New York. 
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Other genetic factors also affect these pigments. The recessive gene 5, 
gives brown pericarp instead of red but does not affect aleurone or plant 
color (MEyERS 1927). A recessive gene found by Doctor M. T. JENKINS 
resembles a in its effect on aleurone and plant color but apparently does 
not affect red pericarp color. The P, ~, factor pair differentiates bluish 
purple from reddish color of anthocyanin, most noticeable in the aleurone. 
These genes are all independent of A. 

The pigments involved in chocolate pericarp (ANDERSON and EMERSON 
1931) and in brown midrib (JorGENSON 1931, BURNHAM and Brink 1932) 
seem to be unrelated to the anthocyanin, flavonol, and pericarp pigments 
dealt with in this paper. 


THE ALLELOMORPH A? 


The source of the allelomorph A® was a maize with brown pericarp from 
Ecuador. This brown was found to be dominant to red pericarp and a note 
on its inheritance has been published (ANDERSON 1925). At that time tests 
of its relation to a had not been completed. Since then tests have been 
made showing the absence of any recombination between Aa and the 
gene for dominant brown pericarp. The data are summarized in table 2. 


TABLE 2 
Summary of data on the relation of dominant brown pericarp to the a factor. 














A a 

FORMULA 
BROWN WHITE RED BROWN WHITE RED 
aX (brown Xa) 93 70 0 58 75 0 
aX(aXbrown) 60 56 0 62 49 0 
(aX brown) Xa 37 9 0 31 13 0 
(brown Xa) Xa 12 6 0 11 9 0 
Total 202 141 0 162 146 0 
aX (brown Xa) 294 ye 0 279 ea 0 























The classification for A and a was made on aleurone color but was 
checked by plant color. The white pericarp in these cultures was due to 
the segregation of », and may be disregarded since p is independent of a 
(shown by the data itself and by other records) and of the factor for 
brown pericarp (ANDERSON 1925). The total absence of red pericarp color 
on plants from seeds with colored aleurone shows that there is no recom- 
bination between brown pericarp color and the A factor. The gene for 
dominant brown pericarp is apparently an allelomorph of a and is desig- 
nated by the symbol A’. 
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Homozygous A® C R seeds have colored aleurone. Reciprocal crosses 
with recessive a also give colored aleurone, not distinguishable from the 
corresponding crosses of A with a. Homozygous A?® and heterozygous 
A’ a with the various combinations of B and P, give typical purple, dilute 
purple, sun-red, and dilute sun-red plants. Thus A® appears to be identi- 
cal with A in its effect on aleurone and plant colors. 

From intercrosses of dominant brown pericarp with salmon silk red 
pericarp, backcrossed to salmon silk red pericarp plants, only three classes 
are obtained, as follows: 


Brown pericarp green silks 
Red pericarp green silks 
Red pericarp salmon silks 


Some of the brown pericarp plants when selfed give 25 percent of salmon 
silks; when crossed to salmon they give 50 percent of salmon. In these 
cultures all salmon silk plants have red pericarp, and all green silk plants 
have brown pericarp. These are homozygous Sm Sm, the salmon silk color 
being suppressed by A’. This is to be expected if the salmon silk color is 
due to an extension of the red pericarp pigment into the silks. A small 
amount of brown pigment in the silks would be entirely masked by the 
chlorophyll and carotinoid pigments present. 

Thus A* may be described as the equivalent of the normal A in its effect 
on the anthocyanin pigmentation of the plant; but it converts the red 
pericarp pigment into a corresponding brown pigment. In the latter effect 
it is dominant to A. 

A dominant brown pericarp similar to that discussed here has been 
isolated from maize (C. I. 501) collected by RicHEy and Emerson at 
Huancayo, Peru, in 1924. 


THE ALLELOMORPH a? 


Another dominant brown pericarp came from the maize collection 
made in 1924 by RicHEy and Emerson. An ear with cherry pericarp and 
purple aleurone (C. I. 499-2) was obtained at Huancayo, Peru. An indi- 
vidual grown at Ithaca, New York in 1925 from seed of this ear had purple 
plant color (apparently A B P;) but produced no ear. Pollen from this 
plant crossed onto an individual of an inbred strain of Onondaga White 
Dent, a type with dilute sun-red plant color and white pericarp, A 6 p: p, 
produced an F; progeny of 25 purple plants with cherry pericarp (ap- 
parently A B P, r°*) and 28 sun-red plants (like A B p,). But all plants 
of both color types had brown mosaic pericarp (in addition to cherry in 
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case of A B P, plants) as if the genotype were a P™*. Moreover, in F; and 
later generations of this cross, brown and green plants appeared as if 
the genotype were a B P, or a b p;. When such green plants, however, 
were crossed with A-testers, a C R, the resulting aleurone color was pale 
purple rather than white as expected from a a or strong purple as ex- 
pected from A aor A®a. 

Evidently the Peruvian plant used in this cross carried some gene like a 
with respect to plant color, like A* with respect to pericarp color, and 
intermediate between A or A® and a with respect to aleurone color. A 
gene a? allelomorphic to A, A® and a with characteristics noted above 
provides a ready interpretation of all the results obtained with this ma- 
terial. 

That P” was present in the original Peruvian plant is sufficiently indi- 
cated by the appearance of brown mosaic pericarp in F; of crosses with 
white pericarp, and only mosaic and white segregates in F2. Crosses of 
brown mosaic with red self-colored pericarp gave brown self color in Fi 
and brown and red self and brown and red mosaic in F». 

Peruvian type green plants with brown pericarp a”P crossed with green, 
white pericarp A-testers a 6 p, p, and with brown plants with or without 
pericarp color, a B P; P or p, the F,’s being recrossed with a C R p or with 
A p, gave the results summarized in table 3. These data show that aC R p 


TABLE 3 


Summary of data from ap and aP Xa?P. 





























F ALEURONE COLOR PLANT COLOR PERICARP COLOR 
1 
CROSSED 
a STRONG PALE RED OR GREEN OR ; 
PURPLE PURPLE — PURPLE BROWN — _ ware 
8 7 5 5 
aCRp &83 er 74 39 ‘3 35 
a 45 892 iv 79 47 “a 32 
Ap 121 ae a 121 re 41 30 50 
Ap 282 Si = 282 Fe 125 157 ea 




















X(a pXgreen plant brown pericarp) gave approximately equal numbers 
of pale purple and of white and no strong purple aleurone, and that both 
aleurone color types produced only green plants with approximately 
equal numbers of brown and of white and no red pericarp. Also A pX(a p 
Xgreen plant brown pericarp) gave only strong purple aleurone, only red 
plants and approximately equal numbers of brown and red pericarp. These 
results indicate the independence of brown and P and show no recom- 
bination of brown and a. 
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Green plants with brown pericarp of the Peruvian stock, a? P crossed 
with A p and A P gave the results shown in table 4. As shown in this 
table, selfed F,’s gave approximately the expected frequency of strong 
purple and pale purple but no white aleurone. The pale purple seeds pro- 
duced only green plants with brown (or brown and white) pericarp while 
the strong purple seeds gave only red plants some with brown and some 
with red pericarp (and some white when P p). The F,’sXa C R p gave 
some strong purple aleurone, red plants, and red or white pericarp, and 
about an equal number of pale purple aleurone, green plants, and brown 
or white pericarp. These results establish the independence of brown and 
P and the allelomorphism of brown and A. 


TABLE 4 
Summary of data from A p and AP XaPP. 

















ALEURONE COLOR | PLANT COLOR PERICARP COLOR 
Fi 
STRONG PALE 
PURPLE PURPLE | RED GREEN BROWN RED WHITE 
{ 76 76 a 28 15 
Selfed i. 28 x 28 10 0 - 
161 i 161 a 42 18 23 
Selfed S 36 _ 36 17 0 7 
a 1816 “ 272 ie 0 107 143 
Xap 3 1787 Ne 267 112 0 127 























The relation of a? to salmon silk colors, P s», has not been determined. 
Its relation to the cherry-brown pericarp colors is apparently the same as 
that of a. Some of the plants of the cross of the original Peruvian plant, 
a? B P, P™ R, with Onondaga White Dent, A b p, p r°*, were purple and 
the pericarp of all these was brown mosaic on a background of cherry. 
This indicates that a? either has the same effect as A or is recessive to it 
as regards cherry pericarp. A reddish brown plant, a? B P,, which ap- 
peared in a later generation of this cross, crossed with a purple plant having 
cherry pericarp and known to be A a B P, r“*, produced a small F; culture 
consisting of purple and of reddish brown plants. All the purple plants had 
cherry pericarp, A a? B P, r°*, and the brown plants had brown pericarp, 
a? a B P, r*. It is certain, therefore, that, with P; and r°*, A a? gives 
cherry and a? a gives brown pericarp. Since the allelomorphs A and a are 
related to cherry brown pericarp colors exactly as they are to plant colors, 
A giving purple plants and cherry pericarp and a a green or brown plants 
and brown pericarp and since a” a? gives green or brown plants, it is pre- 
sumable that it would also give brown pericarp with P; r°*. 
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The allelomorph a? resembles A? only in its effect on the pericarp pig- 
ment. Like A? it produces brown pericarp color and is dominant to the 
red pericarp color produced by A. With C and R it gives a pale purple 
aleurone color instead of the deep color of A and A? or the absence of 
color with a. In its effect on plant color it resembles the recessive a except 
that the brown color in combination with B and P; is a reddish brown. 


DOMINANCE 


These four allelomorphs of A do not form a simple series in their domi- 
nance relationships. The sequences from dominant to recessive are as 
follows: 


For aleurone color with C and R 
A and A?® strong purple 
aP pale purple 
a colorless 


For plant color with B and P, 
A and A?® purple 
aP reddish brown 
a brown 
For pericarp color 
A® and a? brown (dominant) 
A red 
a browu (recessive). 


The interactions of the several allelomorphs of A with various other 
aleurone, plant, pericarp and silk color genes are summarized in table 5. 
Combinations which have not been tested directly are given in paren- 
theses. 


SUMMARY 


Two new allelomorphs of the A factor for aleurone, plant and pericarp 
color are described. 

A* resembles the normal A in its effect on the anthocyanin pigmentation 
of the plant; but it converts the red pericarp pigment into a corresponding 
brown pigment. It is dominant to A in this respect. 

The allelomorph a? resembles A® in its dominant effect on pericarp 
color. But it gives pale aleurone color with C and R and it is almost like 
the recessive a in its effect on plant color. 

Table 5 gives a summary of the effects of these four allelomorphs in 
combination with the factors C, R, B, P:, P, and sm. 
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TABLE 5 
Relations of the A allelomorphs to aleurone, plant, pericarp and silk color. 


























ALLELO- ALEURONE PLANT COLOR PERICARP COLOR 
MORPHS COLOR WITH sige Tee 

or A CRP, with BP; | wits Bpy witn Pyr* wits P wire Pém 

AA Strong Purple Sun red Cherry Red Salmon 
purple 

Aa Strong Purple Sun red Cherry Red Salmon 
purple 

AA? Strong Purple Sun red (Cherry) Brown Green 
purple 

AaP Strong Purple Sun red Cherry Brown (Green) 
purple 

AbAb Strong Purple Sun red (Cherry) Brown Green 
purple 

Abap (Strong (Purple) (Sun red) (Cherry) (Brown) (Green?) 
purple) 

Ara Strong Purple Sun red (Cherry) Brown (Green?) 
purple 

a?aP Pale Reddish Green Brown Brown (Green?) 

brown 
a?a Pale purple} Reddish | Green Brown Brown (Green?) 
brown 
aa White Brown Green Brown Brown Green 
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INTRODUCTION 

The hybrid between Nicotiana rustica and N. paniculata occupies a 
unique position among the many species hybrids in the genus Nicotiana. 
It is the only one of two parents differing in chromosome number that 
exhibits any fertility whatever upon selfing. There are some 70 species in 
the genus, 26 of which have been investigated cytologically and have been 
shown to have the following chromosome numbers: (8) or 9, 10, 12, 16, 
and 24. Many hybrids have been made between species differing in chro- 
mosome number. It is therefore quite surprising that thus far these two 
species are the only ones shown to be sufficiently compatible to produce 
F, hybrids showing fertility. It is also interesting to note that this hybrid 
between JN. rustica and N. paniculata was the first to be studied genetically, 
KO6OLREUTER’S work on this cross being the first genetical research on 
record. 

1 Submitted to the Faculty of the Bussey Institution of HARVARD UNIVERsITY in partial ful- 
fillment of the requirements for the degree of Doctor of Science, June, 1930. This study is a part 
of a general genetic survey of the genus Nicotiana being carried on at the Bussey Institution and 
is a joint contribution from that institution and from the CONNECTICUT AGRICULTURAL EXPERI- 
MENT STATION. 


* Part of the cost of the accompanying illustrations is paid for by the GALTON AND MENDEL 
MEMORIAL FUND. 
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Such a hybrid should prove to be good material for a study of sterility 
in relation to chromosome number since it is possible to obtain selfed 
progeny from the F, plants and since the bivalents and univalents of the 
F, hybrid can be distinguished so clearly. There are 12 bivalent and 12 
single chromosomes at meiosis in the F; hybrid. The 12 bivalents behave 
regularly at meiosis, 12 going to each pole; while the 12 singles pass to 
either pole, supposedly at random. Hence, there should be produced F, 
gametes varying in chromosome number from 12 to 24, assuming that the 
12 univalent chromosomes assort at random. By expanding the binomial 
(a+b) it is possible to obtain the frequency of gametes containing from 
0-12 of the univalent chromosomes. By a cytological examination of Fy, 
plants it should be possible to determine which of the F; gametes are viable 
and in what proportions they occur. Undoubtedly, some combinations 
are non-viable, since the F; generation is so low in fertility. 

The hybrid between Nicotiana rustica and N. paniculata was selected 
for this study partly because of the advantageous features mentioned 
above and partly in hope of finding a cytological explanation of unusual 
types found in a previous study made by East (1921) of hybrids between 
these two species. Many striking types were obtained, some nearly exact 
duplicates of either parent and some resembling each of the known varie- 
ties of Nicotiana rustica. Plants were also obtained having characteristics 
not found in either parent and unlike any of the described varieties of 
N. rustica. They showed remarkable variation without the gradation in 
size and structural details usually found in varietal crosses or combinations 
of similar species. All of these types were obtained in a cross using the 
variety humilis of N. rustica as the female parent. The F; population was 
decidedly more fertile than F, plants, which showed only about 3 percent 
of the normal set of seeds. 

The author wishes to express his indebtedness to Professor E. M. East, 
under whose direction the problem was completed, for helpful suggestions 
and valuable criticisms of the work. 


MATERIALS AND METHODS 


The variety of Nicotiana rustica used in this investigation was received 
under the name of N. rustica humilis Schrank from Mr. M. CuRISTOFF. 
It is not certain where he obtained the seed, although it was then thought 
that the stock was a direct descendant of the same variety used by East 
(1921) in a previous study of this hybrid. 

Seed of NV. rustica was also obtained under the name of N. rustica pumila 
Schrank from Doctor T. H. GoopspEEpD at the UNIVERSITY OF CALIFOR- 
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NIA. Plants from each of these sources have been grown for several genera- 
tions. They seem to be identical in every respect and are undoubtedly the 
same variety. ComEs (1899) gives NV. rustica pumila Schrank as a synonym 
of N. rustica humilis Schrank. SETCHELL (1912), however, recognizes the 
two varieties, describing NV. rustica humilis as a fairly robust plant of low 
stature and early blossoming and ripening. The leaf is broad and ovate, 





Ficure 1.—N. rustica pumila Schrank. Right, heterotypic metaphase in pollen mother cell; 
24 pairs of chromosomes. X 2700. 


being broadly, but slightly cuneate at the base. This description of NV. 
rustica humilis Schrank is in accord with the descriptions and illustrations 
of both East and ComEs. 

According to SETCHELL, N. rustica pumila Schrank is a low plant, loose 
in habit, and matures early. The leaves are ovatelanceolate and unequal 
at the base. The plants we have grown answer very well this description 
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and are more correctly identified as N. rustica pumila Schrank than 
as N. rustica humilis Schrank and are different from the plants used by 
East. The average height is 24 to 30 inches whereas the plants grown by 
SETCHELL averaged 12 to 14 inches in height. This seems to be the only 





FicuRE 2.—N. paniculata L. Right, heterotypic metaphase showing 12 pairs of chromosomes. 
X 2700. 


difference and probably can be accounted for by different environmental 
conditions. The flowers are short, robust, and pale greenish yellow in color. 
They are produced in an open panicle loosely branching. There are 24 
pairs of chromosomes. A fairly typical plant is shown in figure 1. 
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The other parent, NV. paniculata, is quite constant in habit of growth 
wherever grown. It is a tall, dark green, glabrous leaved plant, loosely 
branching. The leaves are cordate in shape. The long, slender, tubular, 
green flowers are produced in open, loosely branched panicles. The plant 
is late maturing, flowering fully a month to six weeks later than N. rustica 
pumila. N. paniculata has 12 pairs of chromosomes. A typical plant is 
shown in figure 2. 

The following procedure was adopted in studying the parents and hybrid 
material. The plants were examined for chromosome number, the fer- 
tility of the plant was obtained, and a photograph was taken of each plant. 
As soon as the first flowers appeared, material was gathered for obtaining 
chromosome counts. One anther of the bud studied was examined accord- 
ing to the aceto-carmine method, and if it were in the proper stage of de- 
velopment the bud containing the four remaining anthers was then killed 
in modified Bouin’s solution, B—-15 of ALLEN. The material was then em- 
bedded in paraffin, and sections were cut 8 to 10 micra in thickness. The 
slides were stained either with Haidenhain’s haematoxylin or with crystal 
violet. The latter stain seems to have some decided advantages over the 
haematoxylin. Chromosomes stained with it have a deep violet color 
while the cytoplasm is perfectly clear. Also the chromosomes out of focus 
are not as nearly opaque as the jet black haematoxylin-stained chromo- 
somes, and hence a more accurate count can be obtained when chromo- 
somes are lying directly over each other or very close together. The crystal 
violet stain is also easier to use and requires less time in staining. The 
method for using this stain is the same as for NEwrTon’s gentian violet 
stain (Huskins 1927). 

When the plants were examined for fertility, five flowers of each were 
selfed, thus assuring complete pollination. Every flower was tagged so 
that the selfed flowers could be identified. The pollinations were all made 
within the greenhouse so that there was no contamination by insects. The 
ventilators of the greenhouse were all screened as soon as insects appeared 
in the spring. 

About three weeks after pollination (before the capsules opened) the 
capsules were all gathered and the calyx removed with a very fine scalpel. 
Then one-half of the ovary wall was carefully “peeled” and an estimate of 
the percentage of a full set of seed was determined for each capsule. The 
average of the individual capsules gave the fertility grade of the plant 
in question. The plants were grouped into 11 arbitrary classes, from 
0 to 10. It should be understood that the classes are not exact and some 
plants may have been wrongly classified as the number of flowers examined 
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had to be small for each plant. The chance for the greatest error comes in 
the first class (0). The plants thrown into this class might have shown 
some fertility if enough flowers had been examined. 

In order to have a complete record of each plant for future reference, 
each was photographed shortly after it began to flower. By this method 
a record of the height of each plant was also obtained. 

Pollen examinations were made by the aceto-carmine method. An anther 
from a flower newly opened was touched to a drop of aceto-carmine on a 
clean slide. When all of the loose pollen was then taken up by the solution 
on the slide, a round cover glass was mounted, the edges of which were 
ringed with shellac by means of a small hand turn table. Several sealing 
preparations were used to ring the slides, but none proved as satisfactory 
as Shellac. It makes an air tight cover and it is easily removed when the 
slide is cleaned. Boiling the slides for a few minutes hardens the shellac 
and it chips off, leaving the slide and coverglass perfectly clean. 


F, GENERATION 


The F, hybrid can be made successfully only one way, by pollinating 
N. rustica with the pollen of NV. paniculata. Seed thus produced shows al- 
most complete germination. The reciprocal pollination produces a full 
complement of apparently well developed seeds, most of which fail to 
germinate. Doctor East has obtained germination of this reciprocal hy- 
brid, but with considerable difficulty. 

In appearance, the F; plants are about intermediate between the two 
parents, although they resemble the rustica parent a little more closely. 
The flowers are almost exactly intermediate as can be seen in figure 3. 

The F; plants grown in the field are all very uniform in regard to height, 
leaf shape, flower shape and other external characters. When grown in the 
greenhouse, however, there is considerable variation in the shape of leaves 
on the same plant. All plants behave alike in this respect. The shape 
varies all the way from lanceolate leaves to those almost as cordate as the 
leaves of the paniculata parent, the older leaves being the most cordate. 

A typical F, plant as grown in the field is shown in figure 4. Figure 5 
shows the wide variation of leaves from a single F; individual grown in the 
greenhouse. As the leaves mature they become more cordate. In the 
paniculata parent the young leaves are as cordate as the older ones. Just 
how to account for this variation is a question. It does emphasize the 
fact that normal development can be secured only in the field under 
natural conditions. 

The F, hybrid is always very vigorous and manifests considerable 
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heterosis. In spite of the fact that an abundance of foliage and flowers is 
produced, the hybrid is almost sterile. Less than 1 percent of a normal set 
of seeds is produced, selfed seeds being obtained with considerable diffi- 
culty. Because of the difficulty of obtaining selfed seed a large population 
of 150 F; plants was grown in the field and allowed to interpollinate. 
The F; plants grown in the field showed no greater fertility than hand 
pollinated greenhouse-grown plants. Hand pollination of the plants in the 
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Ficure 3.—Flower of N. rustica pumila (left), N. paniculata (right) and F, hybrid in center. 
Magnification 1.6. 


field was no more successful than insect and wind pollination. The plants 
were watched carefully all summer and any capsules formed were gathered. 
It is certain that the seed produced was either self or sib-pollinated as no 
other Nicotiana plants of any sort were grown in the immediate vicinity. 
Only a fraction of a percent of the flowers produced any capsules whatever 
and these did not contain more than 1 percent of the normal set of seed. 
Hence, it is evident that the fertility of the F; generation is less than 1 per- 
cent and if classed according to the classification of the F: population 
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would probably be put into class 0, having no fertility, although it does 
occasionally produce some seeds. 

Apparently the ovules are more fertile than the pollen grains. Reciprocal 
backcrosses to both parents were made with the F, plant. The F; plant 
pollinated by N. rustica pumila set about 15 percent of the normal amount 
of seed. According to the fertility classes adopted for the F: generation 
these pollinations would correspond to class 2. There was an average of 24 
seeds per capsule. The pollination of the F; hybrid by NV. paniculata showed 
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Ficure 4.—N. rustica pumilaXN. paniculata F;, grown in the field. Compare with plant 
grown in greenhouse (figure 9). Right, pollen mother cell showing 12 bivalent and 12 univalent 
chromosomes. 2700 


a little more fertility, having an average of 34 seeds per capsule. It is not 
certain that the difference in fertility between the rustica and paniculata 
pollen is significant, since but 25 flowers were pollinated in each case. 
The reciprocal pollinations were not so fruitful. N. rustica pumila, 
pollinated by the F; pollen, produced only about 2 to 5 percent of the 
normal seed complement, an average of four seeds per capsule. About half 
of the flowers pollinated dropped before maturing their capsules, so this 
would make the fertility lower still. Fifty flowers of N. paniculata were 
pollinated with F; pollen and all but two of the flowers dropped. The two 
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capsules produced contained but a few seeds in each. It is safe to say 
that this pollination is nearly completely sterile. 

The pollen mother cells of the F; plant at meiosis contain 12 bivalent 
and 12 single chromosomes (figure 4). It follows the Drosera scheme, the 
12 pairs dividing at the first division while the 12 singles pass at random 
to either pole. The second division is equational. Thus pollen grains are 
formed each containing twelve chromosomes from the bivalents and 0 to 12 
of the single chromosomes. These counts were also obtained by CHRISTOFF 
(1928), Lammerts (1929, 1931) and by GoopspEED, CLAUSEN and Cuip- 
MAN (1926) who concluded that random assortment of the 12 univalent 





Ficure 5.—Leaves of a single F; plant grown in the greenhouse. Young leaves are lanceolate 
but become sub-cordate as they reach maturity. Leaf at upper left is almost the shape of JV. 
paniculata leaf, while that at upper right resembles leaf of N. rustica pumila. 


chromosomes takes place. Their conclusion was based on but 65 counts, 
hardly enough to be very significant statistically, but surely enough to 
show that the cells having six or seven univalents are much more frequent 
than any other. 

Pollen examinations showed less than 10 percent of apparently viable 
pollen grains and these varied greatly in size. This point will be discussed 
later. Figure 6 shows a comparison between the pollen of the two parents 
and the F, hybrid. 

F, GENERATION 

Three separate progenies of F; plants were grown. These will be desig- 

nated A, B and C when they are referred to. The first population (A) was 
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grown in the Bussey greenhouse in Boston in the winter of 1926-27. Only 
11 plants reached maturity. The second progeny (B) of 165 F; plants was 
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FicurE 6.—A, pollen of NV. rustica pumila; B, pollen of N. paniculata; C, pollen of F; hybrid; 
D, pollen of tetraploid F;. Note large percentage of shrunken grains in F; pollen. Also note in- 
creased size of tetraploid pollen. 
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produced in the greenhouse of the CONNECTICUT AGRICULTURAL EXPERI- 
MENT STATION in New Haven in the winter of 1927-28. Because of such 
conflicting results between A and B, a third planting (C) was made of 
405 F, plants in the field at the ConNnecTicuT AGRICULTURAL EXPERI- 
MENT STATION farm in the summer of 1931. 

Each plant of progeny A was sterile. Examination of the pollen mother 
cells showed typical hybrid behavior, each plant containing both bivalents 
and univalents that were easily distinguished. 





bie os 
Ficure 7.—A, F; hybrid; B-L, F: plants of progeny A, N. rustica pumilaXN. paniculata. 


Progeny B showed a great majority of the plants that were high in 
fertility, had double the chromosomal complement of the F; plant, and 
quite normal cell division as compared to the hybrid behavior of the previ- 
ous generation. Such F, plants with twice the number of chromosomes 
found in the F; plant are called “tetraploids.” We realize that the chromo- 
somes at meiosis are for the most part in pairs and to be consistent with 
haploid and diploid, a tetraploid should have its chromosomes in sets of 
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four. But tetraploid has been used so many times to describe this condition 
that it seems better to use it than to invent a new term. Some of the terms 
invented, allotetraploid, autotetraploid and amphidiploid, to us have no 
advantage over tetraploid and hence tetraploid will be used in referring 
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Ficure 8.—Metaphase plates of plants in figure 7. A, plant 7 A and F 12 bivalents plus 12 
univalents; B, plant 7 G 15 bivalents plus 9 univalents; C, plants 7 C, E, K 14 bivalents plus 10 
univalents; D, plant 7 J 18 bivalents plus 6 univalents; E, plant 7 B showing 19 bivalents plus 17 
univalents; F, plant 7 H second division showing 30 chromosomes. Drawings A, B, C, D, F, 
2700. Drawing E, X 1875. 
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to the plants with the double chromosome number. Although the tetra- 
ploid plants were quite fertile when selfed or intercrossed they were sterile 
when crossed reciprocally by one parent, N. paniculata. Progeny C con- 
formed in general to B. 


Progeny A. F. generation grown in Boston 


All of progeny A are illustrated in figure 7. An F; plant is also shown 
for comparison. There was considerable variation in height, but not so 
much in flower shape or leaf size and shape. The heights of the F, plants 
varied from 25 to 70 cm with a mean of 45 +2.5. 

Metaphase plates of the different chromosomal combinations are shown 
in figure 8. Table 1 gives a summary of the cytological results. 




















TABLE 1 
Summary of chromosomal combinations found in Fz plants grown at Boston, Massachusetts. 
CONSTITUTION 
TOTAL COMPLEMENT 
NUMBER PLANTS 
OF CHROMOSOMES 
BIVALENTS UNIVALENTS 
1 12 i2 36 
3 14 10 38 
1 15 9 39 
1 18 6 42 
1 19 17 55 
1 29-31 chromosomes metaphase second division 58-62 











The last two plants were undoubtedly not the products of simple hap- 
loid gametes. No first metaphase plates of plant 7 H were obtained but 
ample second division metaphases were examined. All had from 29 to 31 
chromosomes. Apparently we have here a plant formed by the union of 
two diploid gametes from which some of the chromosomes have been 
eliminated, or by the union of a diploid and a haploid gamete. In plant 7 B 
the total number of chromosomes varied from 33 to 36. Some of these were 
univalents. The most common count obtained was 19 bivalents plus 17 
univalents. Occasionally there were as many as three trivalents. Such a 
plant could be produced by the union of a haploid gamete containing 12 
bivalents plus 7 univalents with a diploid gamete containing the full com- 
plement of 36 chromosomes. In most hybrids it is quite unusual for diploid 
gametes to be formed, but in the hybrid between Nicotiana rustica and 
N. paniculata this method of gamete formation seems as common as the 
regular method. More will be said concerning this point when discussing 
progenies B and C. 
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The F, plants formed by the union of two haploid gametes all have a 
chromosomal complement of 36 or greater. This would indicate that in the 
F, plants either assortment of the univalents was not wholly at random 








Ficure 9.—F; plant (left) with an F2 plant (34) representative of a larger share of the second 
generation. Heights may be determined by meter rule in center. 
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or else gametes with the greater numbers of univalents were more likely 
to be included in the zygote. 

All of the F; plants of this population were entirely sterile according to 
the tests used. Had a sufficiently large number of flowers been pollinated 
these plants might have proved no more nearly sterile than the F; plant, 
since with the F, it is quite difficult to obtain selfed seed. It is impossible to 
state definitely that these plants were lower in fertility than the F;, plants, 
but they were at least as low. 
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Ficure 10.—From left to right, flowers of NV. rustica pumila (R), three different F; plants, F; 
hybrid and on the extreme right NV. paniculata (P). Note that the F; flower is intermediate. The 
F; flowers strongly resemble the F; except that they produce much more pollen. Most of the F2 
flowers although not shown here are of the same type as the F;. The markings on the rule at the 
bottom are in centimeters. 


Progeny B. F: plants grown in the greenhouse in New Haven 


Progeny B consisted of 165 plants of which 146 reached maturity. The 
plants were remarkably uniform for an F; generation of parents differing 
widely in morphological characters. About 90 percent of the total popula- 
tion was enough alike to be classed as a distinct species, quite different 
from either parent. They closely resembled the F; plants in flower and 
leaf size and shape (figures 9 and 10). However, they were much more 
fertile than the F,; plants. Some were fertile when selfed or intercrossed, 
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but sterile when crossed reciprocally to NV. paniculata. With N. rustica 
they showed somewhat more fertility. This point will be discussed more 
fully in another section. All of the plants showing high fertility that were 
examined cytologically contained about twice the chromosomal comple- 
ment of the F; hybrid. The F; hybrid has 12 bivalents and 12 univalents, 
or a total of 36 somatic chromosomes while the fertile F, segregates most 
commonly have a total of 72 somatic chromosomes. 

The chromosome number is best obtained at the second metaphase di- 
vision of meiosis. Here the numbers most frequently found are 36 and 36 
or 35 and 37. In almost all cases the total is 72. Counts can also be ob- 
tained at the first metaphase. There were sometimes 36 pairs (figure 11) 





Figure 11—A. First heterotypic metaphase of plant 26 which had regularly 72 somatic 
chromosomes. In this figure 3 bivalents are joined to form tetravalents, a not unusual occurrence 
in tetraploid plants. B. Second metaphase of plant 50, showing 35 chromosomes on one side and 37 
on the other. X 1350. 


but more often from 1 to 4 tetravalents and from 0 to 10 univalents. It 
was a fairly easy matter, aside from actual chromosome counts, to tell 
whether a plant were tetraploid or diploid, for the reduction divisions of 
diploid hybrids all show a distinct difference in size between bivalents and 
univalents and the first meiotic division is always irregular, with univalents 
scattered along the spindles on either side of the bivalents, which are 
located on the metaphase plate. In tetraploid plants there was less differ- 
ence in size between the bivalents and univalents, whenever univalents 
were present. The univalents in such plants remained closer to the equa- 
torial plate than the univalents of hybrid plants, so that the side view of 
the first reduction division was much more regular than in the hybrid 
plants. In some cases trivalent and tetravalent chromosomes occurred in 
tetraploid plants, although this feature was not constant for all cells in the 
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same plant. There seemed to be considerable loose pairing of some of the 
bivalents, which disjoin readily to form univalents and there was also a 
tendency for more than one bivalent to cling together to form tetravalents. 

In spite of some irregularity at the first division, the chromosomal dis- 
tribution to the daughter cells was very regular. The numbers most com- 
mon at second metaphase were 36 and 36 or 35 and 37. The high fertility 
of the tetraploid plants can be attributed to such an even distribution of 
chromosomes at the first reduction division. 

Of a total of 57 plants examined cytologically 53 or 93 percent were 
quite fertile and had the tetraploid chromosome number. Of the remain- 
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Ficure 12.—Pistillate plant, and flowers of N. rustica, F2 pistillate plant (3 flowers), and NV. 
paniculata. Note complete absence of stamens in pistillate flowers. Plant is 90 cm tall. 


ing four plants two were the result of the union of two haploid gametes, 
while the other two resulted from the union of diploid with haploid 
gametes, and were triploid. 

Although most of the plants conformed to one general type there were 
a few exceptional plaats. One was found which was completely pistillate, 
producing what appeared to be a good ovary with a normal pistil, but not 
a trace of anthers in most of the flowers. Later in the season rudimentary 
anthers were found at the base of the style, but these never grew normally 
and were functionless. The stigma was enlarged more than on perfect 
flowers (figure 12). The plant was entirely sterile to the pollen of N. 
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rustica, N. paniculata, and that of F. plants. The number of chromosomes 
was not obtained. 

Two extremely short plants were found (figure 13). Both were entirely 
sterile. Chromosome counts obtained for one of these (115) showed it to 
have 14 bivalents and 9 univalents, the product of two haploid gametes. 

One plant (46) was found having narrow lanceolate leaves and longer 
flowers than the rest, although not as long as N. paniculata. It is shown 
in figure 14 together with plant 60, which was shorter than the average 
and had considerably larger leaves. Plant 46 was sterile. The number of 
bivalents varied from 14 to 17 and there were 14 to 16 univalents. The 
largest total complement obtained was in one cell showing clearly 16 
bivalents plus 16 univalents, a complement of 48. Here again, as in the 





FicurE 13.—The two shortest plants found in the F2 population. Both were completely sterile. 
Heights may be determined from centimeter rule in center. 


case of the two plants of progeny A, must be a plant formed by the union 
of a haploid with a diploid gamete. There is considerable loose pairing of 
some of the univalents. Some of the chromosomes must have been elimi- 
nated in the formation of plant 46 since the total complement is rather 
low for a haploid-diploid product. Again it is possible some of the chromo- 
somes classed as bivalents were really trivalents, which would increase 
the total number. This plant could not have arisen through the union of 
two haploid gametes, and yet it had the hybrid behavior typical of such 
plants. It was sterile also as were the plants with hybrid behavior of the 
chromosomes at meiosis. It was sterile not only to its own pollen, but to 
that of NV. rustica and N. paniculata as well. 

Plant 60 graded 2 in regard to fertility. It had in some cases 36 pairs of 
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chromosomes but in others there were as many as 6 univalents. The lowest 
number of bivalents found was 33, in which cell there were 6 univalents. 
The most common number observed at metaphase of the second division 
was 36. This loose pairing of some of the chromosomes is typical of the 
behavior of quite a number of the F, plants. Evidently a very little un- 
balanced condition will greatly reduce the fertility, as this plant graded 
only 2 on a scale of 10. 

Plant 187 was another exceptional plant, having rather narrow lanceo- 
late leaves, and flowers slightly longer than usual. The chromosomes at 








FicurE 14.—Two unusual F2 types. Plant 60 (left) graded 2 in fertility while plant 46 was 
sterile to its own pollen and that of N. rustica and N. paniculata as well. Plant 60 was tetraploid 
while 46 was triploid. 
meiosis had typical hybrid behavior and the plant was sterile to its own 
pollen and also to that of NV. paniculata and N. rustica. It had 17 bivalent 
and 6 univalent chromosomes (figure 15). 

Plant 90 had somewhat larger and rougher leaves than most of the F» 
population (figure 16). It had 35 to 36 pairs of chromosomes and was a 
product of diploid gametes. In fertility it was classified as 8. 

Four plants were found that resembled in every respect N. rustica 
humilis. At first it was thought that these plants resembled the variety 
brasilia, the name under which the plants of humilis were growing. In a 
preliminary report of this work (EAst 1928) it was stated that plants re- 
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sembling NV. rustica brasilia had been found. It is now evident that this 
was a mistake due to my unfamiliarity with NV. rustica brasilia as grown 
in the greenhouse. One lot of seed grown under the name of N. rustica 
brasilia proved to be N. rustica humilis. Of course these four plants may 
have been volunteer plants of the pure species and not F: segregates. In 
progeny C no plants of this type occurred in a'total population of 405 plants. 

Summing up we find that out of a population of 145 plants there were 
only 11 that differed very markedly from the general type resembling the 





Ficure 15.—Plant 187, a sterile segregate. Heterotypic metaphase plate (right) shows 17 
bivalent and 6 univalent chromosomes. X 1470. 


F, plant. This is only 7.5 percent of the entire population. The other 92.5 
percent were remarkably alike, although there was some variation in 
height. This variation was much less than would be expected from a second 
generation hybrid between two species differing as much as N. rustica and 
N. paniculata. 

The F; plants ranged in height from 20 cm to 170 cm with a mean of 
120+1.5 for the 144 plants on which height records were obtained. Under 
the same conditions NV. rustica pumila attained a height of 60 to 80 cm, 
N. paniculata 150 to 190 with a mean around 170, and the F varied from 
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130 to 160 with a mean of about 140. So it is evident that the F. plants 
on the whole were not quite as tall as either the F; hybrid or the pani- 
culata parent, but much taller than Nicotiana rustica. A graphic illustra- 
tion of the heights may be seen in figure 17. 

It has been stated that the F, progeny B was quite high in fertility. A 
graphic representation of the fertility is presented in figure 18. From this 





Ficure 16.—Plant 90 tetraploid. This plant was about 80 percent fertile. F; from this progeny 
shown at right. It was grown in the field in 1928. 


graph it is apparent that the fertility of progeny B is much greater than 
the F, which is nearly sterile. Only 8.9 percent of the F: population was 
classed as sterile. The mean was 5.4+0.19. Possibly the 8.9 percent of 
the F, plants classed as sterile were as fertile as the F; plants, since the 
F, plants could easily have been placed in class 0 on the basis of 10 flower 
pollinations, although the F, plants are capable of producing some seed. 
It is uncertain whether the plants classed as sterile might not have pro- 
duced a few seeds, had enough pollinations been tried. 
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FicureE 17.—Height in centimeters of 3 F2 progenies. Regular broken line, progeny A; solid 
line, progeny B; irregular broken line, progeny C; R, N. rustica pumila grown in greenhouse; 
1, NV. rustica pumila grown in field; F,, F; hybrid grown in greenhouse; 2, F, hybrid grown in field; 
P, N. paniculata grown in greenhouse; 3, NV. paniculata grown in field. Note that plants grown in 
the field are not as high as those raised in the greenhouse. There isalso less variation in field grown 
plants. All the plants of progeny A are comparatively short They are all diploid or triploid. 
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Ficure 18.—Fertility of 3 progenies. Shaded portion progeny A; solid’line, progeny B; broken 


line, progeny C. Note that A was sterile while B and C were quite fertile. 
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Progeny C. F2 plants grown in the field 


A third F, progeny was grown in the field at the CoNNEcTICUT AGRI- 
CULTURAL EXPERIMENT STATION farm in the summer of 1931. There were 
405 plants in this population. Progeny C resembled B very closely in that 
most of the plants conformed to one general type, similar in appearance 
and behavior to the dominant type of progeny B (figure 19). More than 
85 percent of the plants belonged to this class. Sixty-one plants from this 
type were examined and found to have just twice the chromosomal com- 
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FicureE 19.—A typical F2 tetraploid plant of progeny C, grown in the field. 


plement of the F; plants, so it is fairly safe to conclude that all of the plants 
of this type are tetraploid. 

Of a population of 405 plants there were but 59, or 14.6 percent, that 
were quite different. The 59 plants in general were much shorter, had 
smaller flowers and leaves and were nearly sterile (figure 20). Eight plants 
from this group were examined for chromosome number. The numbers 
found indicate that six were the result of the union of two haploid gametes, 
one was tetraploid and the remaining plant was the product of diploid 
and haploid gametes. From this it is evident that most of the unusual 
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plants of progeny C have chromosome numbers indicative of formation 
by haploid gametes. 

The tetraploid plants were much higher in fertility than the diploid. The 
tetraploid plants averaged 4.2+0.19 for 60 plants, while the mean of the 
diploid plants was less than 4 percent. Three of the diploid plants were 
sterile, three showed about 5 percent fertility, one ten percent, and one 
was dead when classified for fertility. 

The average fertility of the triploid plants (formed by haploid and dip- 
loid gametes) was 15 percent for 6 plants. Of this group of plants 1 was 





Ficure 20.—A typical diploid plant of progeny C grown in field. 


sterile, 1 graded 5 percent, one 10 percent, one 20 percent and 2 were 
classified as showing 30 percent fertility. 

There seems to be a discrepancy between the fertility of these two groups 
of plants and similar ones found in previous generations. The plants of 
progenies A and B, that were formed by two haploid gametes or haploid 
and diploid gametes, were sterile. Progenies A and B were both grown in 
the greenhouse and the plants were selfed before classifying for fertility. By 
this method all diploid and triploid plants were sterile. Progeny C was grown 
in the field and the plants could have been pollinated by their own or 
sib pollen, or pollen of either of the parents or the F; hybrid. Apparently the 
plants were capable of setting some seed if pollinated by the proper pollen. 
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The fertility of the whole group of unusual plants, composed largely of 
diploid individuals, was 0.3+0.06 or about 3 percent. Most of the plants 
of this class were sterile. The mean of the whole F, population was 3.1 
+0.21 (figure 18). 

The height of the F; plants grown in the field varied from 20 to 100 cm 
with a mean of 63.9+0.09 (figure 17). The 61 tetraploid plants averaged 
69+0.20, which is much higher than the average of the diploid, 55.6 
+0.77 for 8 plants. Individuals formed by diploid-haploid gametes aver- 
aged 55 for 6 plants, just about the average of the diploid. 

The tetraploid plants on the whole were much taller and more fertile 
than the diploid. Hence in the whole population we should expect to find 
a positive correlation between height and fertility. Such was the case. 
The correlation was 0.45 + 0.026, which shows a fairly high association. 

In general progenies B and C were much alike. In each population more 
than 85 percent of the plants conformed to a general type closely resem- 
bling the F; plants except in fertility, in which the F, plants were much 
higher. All of the fertile F, plants examined cytologically had the double 
number of chromosomes. It is safe to conclude that the only F; plants high 
in fertility were tetraploid plants. Nearly all of the diploid plants were 
sterile. Likewise the plants formed by diploid-haploid gametes showed 
very little fertility. 

Progeny A differed considerably from B and C in that A was composed 
wholly of diploid plants and plants formed by haploid and diploid gametes. 
All of the plants of progeny A were sterile. It may be that different strains 
of NV. rustica pumila exist and the rustica parent of progeny A was different 
from the rustica parent of B and C. Otherwise it is hard to explain the 
different behavior of progeny A as contrasted with B and C. It is certain 
that progenies B and C had the same strain of NV. rustica pumila as one 
parent. 

It is quite remarkable that the F; population was composed almost 
wholly of tetraploid plants containing twice as many chromosomes as 
the F; hybrid. The plants although inter-fertile were sterile when crossed 
reciprocally by NV. paniculata. 


F3; GENERATION 


F; lines from four different F; plants of progeny B, 18, 26, 62, and 75, 
which had the double chromosome number, were grown in the greenhouse 
in the fall of 1929. These four lines exhibited the high chromosome num- 
bers characteristic of the F; plants although there was perhaps a little 
greater tendency of the chromosomes to form tetravalent groups. All cells 
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in the same plants were not constant but the total somatic number of © 
chromosomes as determined at the second metaphase was around 72. 
The F; plants were like the F, in being sterile to the pollen of NV. paniculata. 
There was no apparent segregation, since all four lines appeared about 
the same. 


HISTOLOGY OF OVARIES OF TETRAPLOID PLANTS FOLLOWING 
POLLINATION WITH JN. paniculata 


Since the new tetraploid plants were sterile to the pollen of NV. panicu- 
lata, an attempt was made to find out the reason for this sterility. Several 
flowers of two F; plants having the double chromosome number were 
pollinated with pollen of N. paniculata. Five anthers were used for each 
pollination, which assured plenty of pollen for each pistil. Then at the 
end of 12, 24, 36 and 48 hours and 3, 4, 6, 8, 10, 12, 14, 16, 18, 20, and 21 
days, 3 to 5 of the flowers were killed, embedded in paraffin, sectioned, 
and stained for examination. The first lot of developing capsules was fixed 
in Navaschin’s killing agent as used for pollen mother cell study. These 
were so poorly fixed that a little experimenting was done to find the best 
fixative for this material. Six different solutions were tried as follows: 
Bouin’s solution, Carnoy’s solution, Chrom-acetic (weak), Navaschin’s 
fixative, Mod. Allen B-15, and Flemming’s solution. 

Bouin’s and Carnoy’s solutions were most satisfactory and were used 
in running up the second lot of material for histological examination. De- 
velopment was found to take place as follows: 

1. The pollen grains germinate on the style of the high chromosome 
plants within 12 hours. 

2. The pollen tubes grow down the style at apparently a normal rate of 
speed as they have reached the ovary at the end of 36 hours. 

3. Fertilization occurs and the endosperm development proceeds im- 
mediately. 

4. At the end of 3 to 5 days a mass of embryonic tissue can be seen at 
one end of the embryo-sac. This continues to enlarge but does not become 
differentiated as a normal embryo. It remains just an oval mass of em- 
bryonic tissue. Such development proceeds (but more slowly than a nor- 
mal embryo) for about twelve days. Older sections that were examined 
showed that the embryo remained stationary while the endosperm de- 
teriorated. Even when the endosperm tissue has almost wholly disappeared 
the embryonic tissue is still present. 

5. When the endosperm has completely disappeared (16 to 18 days 
after pollination) the embryo gradually disintegrates. 
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6. At the expiration of 21 days when the seed should be fully developed 
nothing remains of the embryo and endosperm and the walls of the em- 
bryo sac are completely compressed together (plate 1). 

These are the facts. The reasons for them may be somewhat more 
difficult to comprehend. Is it possible that an embryo containing 36 
chromosomes from one gamete and 12 from the other is so unbalanced 
that it is incapable of functioning? We might assume that this is true 
were it not for the fact that zygotes containing just such a union of gametes 
were raised to mature plants by LAMMeErts (1929), who found that 32 
percent of the viable gametes produced by the F; plant were diploid. When 
backcrossed to N. paniculata these 36 chromosome gametes would unite 
with 12 from N. paniculata. Such plants grew to maturity. 

We might ask why the endosperm deteriorates first. Is it because of a 
more unbalanced condition, since the endosperm has 72 parental chromo- 
somes to 12 from paniculata? Such an hypothesis seems plausible but here 
again, for the reason mentioned above, our reasoning breaks down. Some 
of the plants raised by LAMMERTs had 72 chromosomes from the F; plant 
and 12 paniculata chromosomes, and produced not only mature endo- 
sperms, but endosperms of viable seeds. 

The only reason which seems plausible is that the unbalanced zygote, 
the embryo of which contains 36 plus 12 and whose endosperm has 72 
plus 12 chromosomes, is incapable of developing in a medium that con- 
sists wholly of cells having 72 somatic chromosomes. 


FUNCTIONAL GAMETES PRODUCED BY F,; PLANTS 


Ordinarily at the reduction division in most plants and animals we 
expect to have gametes produced that contain just half as many chromo- 
somes as the somatic cells. But in the case of the F, hybrid between NV. 
rustica. pumila and N. paniculata, a large majority of the functional 
gametes produced are diploid. This seems to be the most logical explana- 
tion for the tetraploid number of chromosomes in a vast majority of the 
F, plants. The doubling of the chromosomes could take place in rare cases 
after fertilization, but it is hardly conceivable that this would occur on 
such wholesale production. Another reason for assuming that the duplica- 
tion took place in the gametes is that the pollen of the F, plants showed 
several large grains, which undoubtedly contained double the chromosome 
number. Assuming that the chromosomes double after fertilization, it 
would be very difficult to explain the chromosome count of plants inter- 
mediate between the tetraploid and the diploid. Diploid gamete formation 
seems to be the only explanation for so large a percentage of F, plants 
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LEGEND FOR PLaTE 1 


Ficure 1.—Ovule of N. rustica pumila six days after self-pollination, showing well de- 
veloped endosperm and embryo beginning to develop. 


Ficure 2.—Ovule of tetraploid plant following pollination with N. paniculata, 6 days after 
pollination. Note embryonic tissue, but no well formed embryo. 


FicuRE 3.—Twelve days after pollination. 


Ficure 4.—Fourteen days after pollination. 


Ficure 5.—Twenty-one days after pollination. 
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with the tetraploid chromosome number. Occasionally the F; hybrid be- 
haves in a normal manner, producing haploid gametes, as is evidenced 
by progeny A. But in most cases diploid gamete formation is quite com- 
mon. Table 2 shows the percentage of functional haploid and diploid 
gametes for the different F2 progenies. 


In progenies B and C the percentages of functional diploid gametes 
were 94.7 and 85.7 respectively. It is safe to say that at least-85 percent 
of all functional gametes were diploid, a quite unusual occurrence. 

LAMMERTs (1929) in backcrosses of the F; hybrid of NV. rustica-paniculata 
to both parents found that 32 percent of the viable female gametes con- 
tained the diploid chromosome number. An analysis of an F; population 
of 37 plants grown by Lammerts (1931) shows that 85.2 percent of the 
functional gametes contained the somatic number of chromosomes. This 
is almost the same percentage of diploid gametes produced by progenies 
B and C. Such a close agreement of two independent researches on the 
same material is indeed remarkable. 

In table 3 we have calculated the percentage of plants in each of the 
three types, diploid, tetraploid and the triploid. The expected percentages 
were also calculated on the assumption that 30 percent of male and female 
gametes are diploid. We do not know that the percentage of functional 
male gametes is the same as the female but have used this figure (found 
by LAMMERTS to be the female percentage) for both male and female 
gametes. 

TABLE 3 


Types of plants found in different F2 progenies, and expected percentages in each class assuming 30 
percent and 90 percent diploid gametes. 








NUMBER OF DIPLOID TRIPLOID TETRAPLOID 
PLANTS PERCENT PERCENT PERCENT 

Expected percentage assuming 30 per- 

cent diploid gametes ae 49 42 9 
Progeny A 8 75 25 0 
Progeny B 57 3S $.5 93 
Progeny C 77 10.4 7.8 81.8 
LAMMERTs data (1931) 37 10.8 8.1 
Expected percentage assuming 90 per- 

cent diploid gametes 1 18 81 

















The expected number of plants for each class is also calculated assuming 
90 percent of functional diploid male and female gametes. (If there were 
no selective mating of gametes or zygotic elimination it would require 90 
percent of diploid gametes to give 81 percent of tetraploid plants.) 
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Several significant facts can be deduced from a study of tables 2 and 3. 
The most outstanding are as follows: 

A great many more tetraploid plants were found than expected. Even 
if we should assume i100 percent male diploid gamete formation with 30 
percent of female gametes the number of tetraploid plants should not 
exceed 30 percent. The 3 larger progenies all had more than 80 percent. 
This indicates that: 

A. Either there were about 90 percent of functional diploid male and 
female gametes or 

B. The tetraploid zygotes formed had a very much higher survival 
rate. 

The second of these two suppositions (B) seems more probable. With 
90 percent of diploid gametes and no selective mating or zygotic elimina- 
tion more plants should be in the class formed by haploid and diploid 
gametes. The proportions of this type of plants to the diploid plants are 
about the same as would be expected from 30 percent of diploid gamete 
formation in both males and females. Apparently there is little selective 
mating among the gametes but there is a zygotic elimination of diploid 
and triploid individuals. With approximately 30 percent of diploid male 
and female gametes, 9 percent of the plants should be tetraploid. Instead 
we find more than 80 percent. This difference of 71 percent must be ac- 
counted for by zygotic elimination of diploid and triploid individuals. 

In a preliminary report of this work (East 1928, SINGLETON 1928) it 
was stated that plants had been found with 36 pairs of chromosomes, 
just twice the number of the F; hybrid. At that time it was not known 
just how common is the occurrence of tetraploid individuals. It is now 
evident that more than 80 percent of the F, individuals were tetraploid. 
Such a large proportion is due partially to a fair percentage of diploid 
gametes, but the major factor causing such a large percentage of tetraploid 
individuals was undoubtedly the zygotic elimination of all other than 
tetraploids. 

DISCUSSION 

The production through hybridization of plants and animals having 
chromosome numbers greater than either parent is a phenomenon that is 
now quite common and familiar to all. Such cases are so often cited that 
it hardly seems necessary to review them here. 

Most instances of chromosomal duplication are the result of chance 
happenings and only one or a few individuals’ have the increased number 
. of chromosomes. However, in the case of the hybrid Nicotiana rustica 
pumila XN. paniculata, duplication of chromosomes seems to be the rule. 
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Great zygotic elimination of diploid and triploid individuals takes place 
after fertilization, so the majority of the F; population consists of plants 
with the increased number of chromosomes. In only two other hybrids 
do we get a majority of the F; population containing mostly plants with 
the increased chromosome number. These two examples are the well 
known hybrids Raphanus sativus X Brassica oleraceae (KARPECHENKO 
1927a) and Digitalis purpurea X D. ambigua (BUXTON and NEWTON 1928). 

In general the hybrids we have studied parallel very closely the Brassica- 
Raphanus hybrids of KARPECHENKO and the Digitalis hybrids of BuxToNn 
and Newron. All three hybrids produced F; progenies which were com- 
posed largely of tetraploid plants. The tetraploid Nicotiana plants were 
sterile when crossed with NV. paniculata. With N. rustica there was nearly 
a full set of seeds, which showed only about 50 percent germination. The 
tetraploid plants raised by KARPECHENKO were almost completely sterile 
with either parent. The fertility was not stated for the tetraploid Digitalis 
plants backcrossed to their parents. 

In each of these three cases the F; tetraploid hybrids resembled the 
F, plants and were fairly constant. Genetically and cytologically they be- 
haved as new species with increased numbers of chromosomes. Such cases 
certainly lend support to the theory that plants with the larger numbers 
of chromosomes have arisen through chromosomal duplication. 

The F;, populations we grew were much more constant and uniform 
than the plants grown by East (1921). However, the regularity with 
which diploid gametes were produced by the F; hybrids, and the higher 
survival rate of tetraploid zygotes leads us to believe that diploid gamete 
formation and zygotic elimination were in a large part responsible for the 
plants studied by East. 

At the beginning of this problem we had hoped to make a correlation 
between fertility and the proportion of bivalents and univalents. This was 
found to be impossible because the only place where fertility was manifest 
was in the tetraploid plants. The diploid plants with their varying num- 
bers of bivalents and univalents all were sterile. 


SUMMARY 


1. Three separate F; progenies of the hybrid N. rustica pumilaXN. 
paniculata were studied for fertility and cytological behavior. In all 562 
plants were classified for fertility. Of these 142 plants were examined for 
number of chromosomes. 

2. Two kinds of gametes were produced, haploid and diploid. More 
than 85 percent of the gametes that united to form the F, plants of prog- 
enies B and C were diploid. The F, plants of progeny A contained but 
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12.5 percent of diploid gametes. Progeny A consisted of only 11 plants. 
The difference in behavior between progeny A and progenies B and C 
can probably be explained by the fact that slightly different strains of 
N. rustica may have been used as one parent. It is certain N. rustica 
pumila was one parent of progenies B and C and the behavior of these 
hybrids is typical for progenies of pumila. 

3. When haploid gametes united to form a zygote there was either 
selective mating favoring the gametes with the higher chromosome num- 
bers or else a differential viability of zygotes. Plants formed by haploid 
gametes all had more chromosomes than would be expected with a ran- 
dom distribution of univalents. 

4. In the F; plants some selective mating probably took place among 
the diploid gametes. There was a great differential viability of the zygotes, 
so that more than 80 percent of the F; population was composed of tetra- 
ploid plants. 

5. Plants composed of two haploid gametes or a haploid and diploid 
gamete were sterile. 

6. Tetraploid plants varied from 0 to 100 percent in fertility. Most of 
them set seed readily. Only tetraploid plants were fertile. 

7. Tetraploid plants showed no fertility when crossed reciprocally by 
N. paniculata. Fertilization occurred and the embryo and endosperm 
started to develop but degenerated before maturity. 

8. The tetraploid plants contained just twice as many chromosomes 
as the F, plant. Counts were best obtained at second metaphase where 
the number most frequently found was 72. At first metaphase there were 
frequently 36 pairs, but more often from 0 to 4 tetravalents, from 0 to 
10 univalents and the remaining number bivalents. 

9. The tetraploid plants resembled the F; hybrid very closely, except 
that they were much more fertile. There was marked uniformity among 
the F, plants, much more than expected. 

10. The F; plants showed the same fertility and high chromosome 
number as the F; generation. 

11. The tetraploid plants could be classified morphologically and 
physiologically as a new species of the genus Nicotiana, with a chromo- 
somal constitution (72 somatic) higher than any wild species of the genus. 

12. Our results parallel very closely the work of LAMMERTs on the same 
hybrid. 

13. No complete cytological explanation was found for the unusual 
types obtained by East (1921) since none of the unusual types could be 
duplicated. The regularity with which the F, hybrid produces somatic 
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gametes, however, leads us to believe that diploid gamete formation 
played a part in securing the fertility of the F, populations grown by 
East. This one factor alone is probably not responsible for his results. 
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INTRODUCTION 


The tomato provides rather favorable plant material for study of the 
effects of changes in chromosome number. Haploid (n=12), diploid, auto- 
triploid, and autotetraploid forms are known. Eleven of the twelve primary 
simple-trisomic types expected and two tetrasomic types have been identi- 
fied, and some double and triple-trisomic types are viable. Moreover, in 
the same race, the simple-trisomic types and three or four which contain 
a chromosome fragment in addition to the normal complement can be 
identified phenotypically. MacArtuHur (1931) refers to twenty pairs of 
genes now under investigation. The loci of fifteen of these are reported to 
be in seven different chromosomes. In Zea mays the number of known 
genes is vastly greater but the simple-trisomic types (n=10), according 
to McCiinTock and HItt (1931), are not easily distinguishable externally 
from diploids. 

In the present paper two new simple-trisomic and two tetrasomic types 
of the tomato are described, more evidence is presented concerning the 
location of known mutant genes, and an attempt is made to interpret 
some of the phenotypic effects associated with the presence of extra 
chromosomes in simple-trisomic types. 

As in a previous paper (LESLEY 1928) the twelve chromosomes of the 
haploid set will be designated by the first twelve letters of the alphabet. 
Triplo-A then denotes a simple-trisomic plant containing an A chromo- 
some in addition to the normal complement of twelve pairs, and triplo-DF 
a double trisomic containing a D and an F chromosome in addition to 

1 Paper No. 269, UNIVERSITY OF CALIFORNIA Graduate School of Tropical Agriculture and 
Citrus Experiment Station, Riverside, California. 
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the normal diploid complement. The term non-hybrid is again applied to 
plants of the two closely similar races of Dwarf Aristocrat in which the 
triploids used as parents occurred. 


NEW SIMPLE-TRISOMIC AND TETRASOMIC TYPES 


For comparison with other field-grown simple-trisomic types, non- 
hybrid plants of triplo-F, triplo-G, triplo-H and triplo-I are shown in 
figures 1 to 4. 





FicurE 1.—Triplo-F non-hybrid. 


In one instance a single seed from triploid Xdiploid gave rise to two 
seedlings. One of these proved to be normal triplo-B, the other was a 
“runt” or budless plant. Presumably they originated from two distinct 
megaspore mother cells, of which two or more in a single ovule were ob- 
served by M. M. Lestey (1926) in diploid, triploid, and double-trisomic 
tomato plants. Two other runts in F; triploid Xdiploid were found to 
have 26 chromosomes in their root tips but other 26 and even 27-chromo- 
some F; plants developed normally. The fact that the observed multiple 
megaspore mother cells did not always mature synchronously suggests 
that possibly the runt condition was due in part to competition. Some 
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cause other than chromosome unbalance is indicated also by the occur- 
rence of runts from diploid parents. 

As triplo-I (figure 4) contains the locus of the Rr gene pair, a somewhat 
fuller description than that already published (LEsLEy 1928, p. 25) seems 
desirable. Compared with diploid Dwarf Aristocrat (figure 7), the surface 
of the leaf lamina is more even and the texture is more leathery. The mar- 
gin of the folioles is less indented and the foliolules are fewer in number. 
The color of the leaves is somewhat grayer green, with more purple along 





FiGurE 2.—Triplo-G non-hybrid. 


the midribs and in the axils of the leaflets. In the seed bed it is easily dis- 
tinguishable from the diploid by the appearance of the first true leaves. 
The flesh, especially of the walls and placentae, of the fruit of RRR triplo-I 
plants tends to be paler red than that of RR diploids. Like other trisomic 
types, triplo-I grows more slowly than the diploid. It is one of the less 
fruitful and less fertile trisomic types. Non-hybrid plants seldom set fruit 
in the field at Riverside without hand pollination. 

Further study of the type thought to be a secondary of triplo-I (LESLEY 
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1928, figure 17) has led to the conclusion that it is identical with the 
primary triplo-I. 

The simple-trisomic type shown in figure 5 was first identified in an F; 
progeny of triploid Xdiploid. It was notable for the compound or much- 
branched character of its inflorescences. This branching was similar to 
that caused by the recessive mutant gene s (compound inflorescence) 
which CRANE (1915) showed to be a simple recessive to S (simple inflores- 
cence). The mean number of nodes between successive inflorescences was 





FicurE 3.—Triplo-H non-hybrid. 


2.8, approximately the same as in a diploid SS race, as compared with 
about 4 in Grape Cluster (ss). It is believed that the plant in figure 5 is 
SS and that it represents a new simple-trisomic type. The new trisomic 
type has shorter internodes and more purple in the buds, and is probably 
less fruitful in proportion to the number of flowers produced than the 
diploid. In the young seedling stage this type is not easily distinguished 
from the diploid. It is most like triplo-E among the other simple trisomics 
but differs in having the compound inflorescence, more purple in the buds 
and a less hairy surface. An F; triplo-J plant gave an F, from uncontrolled 
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pollination in which not only the 3 trisomic but also the 24 diploid progeny 
had a tendency to be compound. This can scarcely be explained by acci- 
dental cross-pollination and is being studied further. 

In the F; progeny of triplo-BC X diploid Dwarf Aristocrat, a new simple- 
trisomic type appeared which bore no special resemblance to either the 
triplo-B or the triplo-C plants occurring in the same progeny. It con- 
tained an extra chromosome apparently of normal size (not a fragment), 





FiGurE 4.—Triplo-I non-hybrid. 


and is therefore believed to be a primary. Triplo-K (figure 6) has not been 
found in the F; progenies of triploid X diploid, perhaps owing to its close 
resemblance in general appearance to the diploid. The leaves are smaller, 
darker green, and more curled. The flower is smaller, the style more 
slender, and the number of loculi in the ovary about one-third less than 
in the diploid. A similar reduction in number of loculi occurs in triplo-D. 
In floral characters triplo-K suggests the small-fruited types of tomato 
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which grow wild in western Mexico and in Peru. Triplo-K is less fruitful 
and the fruits contain fewer seeds of normal size than the diploid. 

The existence of 11 different simple-trisomic types agrees with the con- 
clusion of Linpstrom and Koos (1931) from the absence of pairing among 
the chromosomes of the haploid that the basic number of chromosomes 
is 12. 





FiGuRE 5.—Triplo-J hybrid. 


The frequency of transmission of an extra B chromosome by the pollen 
was 23 percent (LESLEY 1928); by the ovules it varied from 27 percent 
to 32 percent, and in selfing from 37 to 54 percent. The frequency of trans- 
mission of the D chromosome in selfing was as high as 45 percent. Further- 
more, the D chromosome probably was transmitted more frequently than 
any other by the eggs of triploids. Not unexpectedly, therefore, the tetra- 
somic types tetra-B and tetra-D were found in the progeny of triplo-B 
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and triplo-D hybrids selfed, respectively. One tetra-B plant was shown 
to have 11 bivalent and 1 quadrivalent chromosomes in its pollen mother 
cells, and several other closely similar plants occurred in the same prog- 
eny. (The author is indebted to his wife, Doctor MARGARET M. LESLEY, 
for the chromosome counts reported in this paper.) The tetra-B plant 
had the distinctive characteristics of triplo-B but to a somewhat greater 


degree. Unlike its triplo-B sibs, it was unfruitful in the field without hand 
pollination. 





FicurE 6.—Triplo-K non-hybrid. 


Two tetra-D plants were identified by chromosome number in the 
progeny of triplo-D selfed. The presence in this progeny of 13 percent of 
apparently tetrasomic plants indicates at least that amount of pollen 
transmission of the D chromosome. The tetra-D plants also had the char- 
acteristics of triplo-D to an increased degree. Although less fruitful than 
triplo-D sibs, both the tetra-D plants identified produced a few seeds of 
normal size. 

TRISOMIC INHERITANCE 

The extra chromosome of triplo-A contains the locus of the gene d 

(dwarf), as already reported (J. W. Lestey 1926). C49-1a was a triplo-A 
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plant (it was probably a double trisomic but the other extra chromosome 
was not identified). The ratio of standard to dwarf from selfing C49-1a 
(table 1) shows that this plant was probably Ddd. The small F; progenies 
C77 and C79 (table 1) originate from two dd (diploid) plants pollinated 
by a single flower of C49-1a, the triplo-A (Ddd) plant. This flower was 
staminate and entirely without a gynaecium. As was expected, the extra 
A chromosome was not transmitted by the pollen and no other trisomics 
occurred, but instead of standard and dwarf plants in the ratio 1:2 in the 





Figure 7.—Diploid Dwarf Aristocrat. 


diploid progeny, C77 contained 11 standard and 10 dwarf, and C79 con- 
tained 8 standard and 6 dwarf. If the numbers are combined the odds 
against such a departure from the 1:2 ratio in simple sampling are 115 
to 1. Apparently an aberrant somatic cell division ir. C49-1a resulted in 
the loss of an A chromosome or, more probably, part of an A chromosome 
containing d, and also prevented the development of the gynaecium. 
Inheritance of flesh color of fruit (R, red; 7, yellow) in the progenies of 
triplo-I was trisomic (table 1). The individual progenies are small owing 
to the low yield of viable seed obtained from triplo-I fruits. On the whole 
the ratios are nearly those expected in trisomic inheritance and leave no 
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doubt that the locus of the Rr pair of genes is in the I chromosome. The 
total numbers obtained from selfing parents of theoretical genetic con- 
stitution Rrr or RRr agree.very nearly with the trisomic expectation. Two 
plants of constitution Rrr were backcrossed with rr diploids. Owing to the 
deficiency of recessive-type (yellow-fleshed) diploids in both progenies 
(table 1), the R:r ratio was nearer that from disomic inheritance and the 
odds against a difference as great or greater between the observed and 
the expected ratios in simple sampling are 60 to 1. Lrnpstrom (1926) 
found evidence of linkage between the Rr pair of genes and some of the 
genes for size of fruit. Consequently an overbalance of genes with a re- 
sultant effect on fruit size might be expected in triplo-I. The few data 
available indicate that the fruit size of non-hybrid triplo-I and diploid 
Dwarf Aristocrat is approximately the same, but some difference might 
be found in other races. It is possible also that an overbalance of genes 
for increased fruit size exists, but its effect is neutralized by the deficiency 
of viable seeds and lack of vigor of triplo-I compared with the diploid. 
However, there is other evidence that the grade of a character is not 
necessarily changed by the presence of an extra chromosome carrying a 
major gene for that character. 

A triplo-B F, plant, C218-4, from green triploid (LLL) Xlutescent (Ji) 
diploid was selfed. The observed L:/ ratio among the diploid and trisomic 
progeny (table 1) approaches closely that expected if the triplo-B parent 
was Lil, and differs from a disomic (3:1) ratio by nearly six times the 
probable error. The locus of the L/ pair therefore is believed to be in the 
B chromosome. 

From the presence of the locus of the Dd gene pair in the A chromo- 
some, it may be assumed to contain the loci of the gene pairs Pp, Oo, and 
Ss, which are linked with it. The direct evidence in table 2 and in a previ- 
ous publication (LESLEY 1928, table 8) and the indirect evidence of linkage 
relations, which is wholly consistent with the direct evidence, lead to the 
following negative inferences. The locus of the Yy gene pair is not in 
chromosomes A, B, C, D, or I and is probably not in E, F, H, or J. The 
Cc locus is not in chromosomes A, B, C, D, E, F, or I and probably not in 
J. The Aa locus is not in chromosomes A, B, D, F, or I. 


DISCUSSION OF THE CHARACTERISTICS OF TRISOMIC TYPES 


The flesh color of the fruit of triplo-I suggests the presence of the locus 
of the Rr gene pair in an unexpected manner. Rrr plants, grown in the 
field or in the greenhouse, have slightly paler red flesh than Rr diploids, 
especially at the proximal and distal ends. In the field, pale areas occur 
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on the fruit which resemble externally those caused by sunburn. Appar- 
ently R is completely dominant over 7, but is incompletely dominant over 
rr. A similar paleness of flesh color was often seen in the fruits of RRR and 
RRr plants. Apparently modifying genes are present in the I chromo- 
some, whose effect upon color is cumulative and opposed to that of R. 
The flesh color of rrr plants is yellow like that of rr diploids. Except in 
style length and sepal shape, Ddd plants of triplo-A are not more dwarf- 
like than Dd diploids, and ddd plants of triplo-A are distinctly less dwarf- 
like than dd plants of triplo-E or triplo-K (compare LESLEY 1928, figures 
6, 7 and 12, and figure 6 in present paper). The presence of an extra gene 
is not indicated by the shade of green of LLL plants of triplo-B. A gene 
O for non-elongated (spherical or oblate) fruit shape is partially dominant 
to o, a gene for elongated fruit shape, and is linked with dwarf (Linpstrom 
1927). The fruit shape indices (equatorial diameter divided by length) of 
OO diploid, OOO triplo-A and OO triplo-D plants of Dwarf Aristocrat 
were 1.2, 1.4 and 1.0 respectively. A similar relation was found in the 
shape of Oo diploid, OOo triplo-A and Oo triplo-D hybrids. 

The effect of an extra D chromosome on fruit shape therefore was as 
great as that of an extra A chromosome carrying O, a major gene for that 
character. A triplo-D F; plant, C150—3, from the cross Dwarf Aristocrat 
triploid X Red Pear diploid, had elongated slightly pyriform fruits. Its 
diploid F; progeny consisted of 35 non-elongated and 10 elongated-fruited 
plants. All the 22 triplo-D progeny had elongated fruit. The progeny from 

TABLE 3 


Frequency distribution of shape index of fruit of diploid standard, diploid dwarf and triplo and tetra- 
D, all progeny of a triplo-D hybrid (C218-1). 
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selfing another triplo-D hybrid, C218-1, are classified in table 3. In the 
progenies of these triplo-D hybrids inheritance of elongated fruit shape 
seems to be disomic. 

It appears from the foregoing that the characteristics of the simple- 
trisomic types give, at the most, a rather uncertain clue to the position 
of known mutant genes. In simple-trisomics an extra chromosome con- 
taining a mutant gene may have no more or even less effect on the grade 
of the character concerned than an extra chromosome not containing the 
locus of the mutant gene pair. The elongated fruit shape of triplo-D seems 
to be due to non-mutant genes which are cumulative in effect. If these 
genes had mutated to non-elongated, triplo-D plants with spherical fruits 
might have appeared in these cultures, and inheritance of elongated shape 
from triplo-D would in some cases be trisomic. 

The D chromosome probably does not contain the locus of the Dd, Rr, 
Yy, Cc, Aa or LI gene pairs, but the presence of genes for fruit size is sug- 
gested by the small size (weight) of the fruit of triplo and tetra-D. The 
mean weight per fruit of 10 fruits of each plant for part of the progeny 
of C2181 (triplo-D) grown in the field is shown in table 4. The difference 
is 4.16 times the probable error and is significant. Since the fruits of triplo- 
D and even tetra-D contain abundant seeds of normal size, the size of 
their fruit can scarcely be limited by deficiency of seed. However, the 
small fruit size may possibly depend on the slower growth and lack of 
vigor of triplo and tetra-D and not on an overbalance of genes for small 


size. 
TABLE 4 


Mean weight per fruit of diploid and of triplo and tetra-D, all progeny of a triplo-D hybrid (C218-1). 











MEAN WEIGHT PER FRUIT 
NUMBER OF PLANTS AND PROBABLE ERROR VARIANCE go? 
GRAMS 
Diploid 92 22.34+4.09 36.71 
Triplo and tetra-D 58 14.2+3.41 25.50 











Pyriform fruit shape appeared in the progeny from selfing the triplo-D 
hybrid C218-1. The fruit of the parent was predominantly plum-shaped 
(ellipsoid) but slightly pointed at the distal end. A classification of the 
progeny based on the predominant shape of several fruits from each 
plant, is shown in table 5. All the pyriform-fruited progeny were elongated. 
Among the 30 diploids having elongated fruit only 2 were pyriform, but 
among the 73 triplo and tetra-D plants, all of which were elongated, 35 
were pyriform. These figures suggest that pyriform shape, in the strict 
sense, is not determined by a single pair of genes. The large proportion 
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of triplo and tetra-D pyriform-fruited plants is apparently due to an 
overbalance of genes in the D chromosome which influence the pyriform 
character. These genes may either determine pyriform shape directly or, 
by reducing the number of loculi or the size of the fruit, may affect the 
expression of the pyriform character. 








TABLE 5 
Fruit shape and growth habit of diploid and of triplo and tetra-D, all progeny of a triplo-D hybrid 
(C218-1). 
STANDARD | DWARF 

Diploid non-elongated 64 1 
Diploid plum-shaped 8 1 
Diploid obovoid 2 17 
Diploid pyriform 0 
Triplo and tetra-D plum-shaped 13 1 
Triplo and tetra-D obovoid 20 4 
Triplo and tetra-D pyriform 27 8 











The suggestion, in table 5, of linkage between dwarf and pyriform is 
weakened by the uncertainty experienced in distinguishing standard and 
dwarf habit among the triplo and tetra-D plants. 

The difference in mean weight between diploid non-elongated and 
diploid elongated was five times the probable error. Since larger size and 
non-elongated shape of fruit came from the same parent in the original 
cross Dwarf Aristocrat Xa small-fruited dwarf yellow pear race, this re- 
sult agrees with Linpstrom’s (1929) finding of an association between 
genes for size and shape of fruit. 


SUMMARY 

Two new simple-trisomic types of tomato are described, of which 
triplo-J was found in F, from triploid Xdiploid, and triplo-K in F, from 
triplo-BC Xdiploid. Probably 11 of the 12 primary simple-trisomic types 
expected have been identified. 

In the simple-tetrasomic types tetra-B and tetra-D the characteristics 
of the corresponding simple trisomics are accentuated. 

The I chromosome contains the locus of the Rr pair of genes. The B 
chromosome probably contains the locus of the L/ gene pair. 

In simple-trisomics, the grade of a character may be no more affected 
by an extra chromosome containing a known mutant gene than by an 
extra chromosome not containing a mutant gene for that character. Con- 
sequently, the characteristics of the simple-trisomic types may indicate 
the position of non-mutant genes rather than of the known major genes. 
The small fruit size of triplo and tetra-D may be due to an overbalance 
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of genes for fruit size in the D chromosome, which does not contain the 
locus of any of the 3 gene pairs known to be linked with genes for fruit 
size. 

Evidence is given that pyriform fruit shape is not determined by a 
single pair of genes and that the D chromosome contains genes which 
influence the expression of this character. 
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LEFT-HANDEDNESS IN TWINS 
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INTRODUCTION 


We!Tz (1925), DAHLBERG (1926), and NEWMAN (1928b) have called at- 
tention to the apparently high percentage of left-handedness in identical 
twins. Their findings are summarized in the following table: 


Institute of Child Welfare, University of California, Berkeley, California 

















TABLE 1 
TYPE OF TWIN 
CRITERION OF LEFT- IDENTICAL FRATERNAL 
INVESTIGATOR | 
HANDEDNESS ont - ———$ —_—$ ——_—_ 
NUMBER OF NUMBER OF 
PERCENT L PERCENT L* 
INDIVIDUALS INDIVIDUALS 
WEITZ Not stated 36 25.0+4.9 ati a 
DAHLBERG Asking “with which 138 14.54+2.1 256 7.0+1.1 
hand the person in 
question throws a 
stone, or cuts his 
bread.” 
NEWMAN Relative efficiency of 100 12.0+2.2 100 6.0+1.6 
the two hands in tap- 
ping (wrist, and finger). 

















* In this table, and those following, the ‘“‘L” percentages include only the cases of distinct 
left-handedness; they do not include the relatively few cases of ambidextrous or partially left- 
handed. 


WEI1z offered the opinion that his figures indicated more than an acci- 
dental association between monozygotism and left-handedness, but-he at- 
tempted no theoretical explanation. DAHLBERG emphasized the fairly nor- 
mal prevalence of left-handedness in his dizygotic population, and sug- 
gested that the excess percentage of left-handedness among the identical 
twins could be due to reversal of asymmetry in a certain proportion of 
monozygotic pairs, such that one member of the pair (after division of the 
embryo) presents characteristics in mirror reverse of the original embryo. 

This assumes, of course, a hereditary basis for handedness, with an addi- 
tional factor (involving mirror reversal) which is not necessarily heredi- 
tary. NEWMAN has carried the theory a step further by relating mirror 


1 The authors gratefully acknowledge the assistance of Professor S. J. Hotmes in the or- 
ganization of this report. 
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reversal to the stage of development at which twinning occurs. In an ear- 
lier publication (NEWMAN 1923) he had proposed three methods by which 
monozygotic twins may originate: (A) the division of a blastoderm into 
two separate blastoderms, each of which develops an embryo, (B) double 
gastrulation on a single blastoderm, (C) longitudinal fission of a single 
embryonic axis (at a late stage in gastrulation), producing bilateral halves 
which regenerate and produce separate embryos. Twinning by the first 
two methods is known to occur in various infra-human species, and proba- 
bly also in man. Twinning by the third method is challenged by StocKarD 
and others on grounds which need not be considered here. It is this third 
method which has been utilized by NEwMAN (1928b) as an explanation of 
reversed asymmetry phenomena. According to this theory, twinning by 
the first two methods will produce markedly similar twins with the same 
type of axiate organization, or if reversed asymmetry is present, there -will 
be a tendency for each embryo to regulate back to the orjginal asymmetry 
of the undivided zygote; twinning by the third method will produce twins 
that are less similar in general organization but with a tendency to re- 
versed asymmetry in handedness, crown whorl, and other unilateral char- 
acteristics. This may be so marked that one twin may show only right- 
handed expressions for certain characters on both sides of the body, the 
other twin only left-handed expressions. 

It may be noted that this theory calls for a prevalence of left-handedness 
among the dizygotic which will be markedly less than that among the 
monozygotic, and which will approach that of the single born. Such is, in 
fact, the case with both DAHLBERG’s and NEwMAN’s data. But certain 
other data are available which call this finding in question and which ap- 
pear to demand further investigation of the problem. SremMENs (1924, p. 
65) and VERSCHUER (1927) have obtained the results listed in table 2. 

The percentage of left-handed among the fraternal twins is here mark- 
edly in advance of what would be expected in an unselected population of 
single born. Further evidence of the same nature is furnished by LAUTER- 
BACH (1925), who failed to classify his cases as identical and fraternal but 
who found among 126 twins from opposite-sex pairs 12.7 percent left- 
handed (on the criterion of the hand employed in throwing), while among 
276 same-sex twins, only 8.7 percent were diagnosed as left-handed. 

These discrepant results may depend partly on the varying reliability 
and validity of the methods of identifying the left-handed. In the case of 
the European investigators, evidence is frequently lacking that the classi- 
fication was made in a sufficiently objective and standardized manner. 
NEwMAN’s classification, based upon tapping, may be called in question 


Genetics 17: S 1932 








562 PAUL T. WILSON AND HAROLD E. JONES 


in view of recent results by OJEMANN (1930) who finds that the tapping 
test, taken alone, is inadequate for separating the left-handed from the 
ambidextrous and right-handed. A developmental criterion, based upon 
habitual behavior and subjective preference (such as the “throwing hand” 
test) is also inadequate for the diagnosis of individuals, but for the char- 
acterization of groups it may be expected to give results of greater signifi- 
cance than in the case of simple tests based upon quantitative performance 
in which differences in motivation may conceal true differences in efficiency. 














TABLE 2 
TYPE OF TWIN 
CRITERION OF LEFT- IDENTICAL FRATERNAL 
INVESTIGATOR 
HANDEDNESS - 
NUMBER OF NUMBER OF 
PERCENT L PERCENT Lt 
INDIVIDUALS INDIVIDUALS 
SIEMENS (Not stated, but “the 102 10.9+2.1 62 27.4+3.8 
left-handedness was in 
most cases very pro- 
nounced.”’) 
VERSCHUER | Notstated* 158 15.8+2.0 76 13.2+2.6 




















* In a direct communication Doctor VERSCHUER says, “I asked the individual which hand he 
usually used for doing certain tasks and some individuals were then asked to demonstrate by 
cutting paper with scissors, driving a nail with a hammer, throwing a stone or shuffling cards.” 

{+ DaHLBERG (1926, p. 183) says, “In a later work 1924c, SreMENs gives the figure 16.4+3.6 
percent left-handed among the dizygotic.” 


(Jones [1931, p. 135] has reported dextrality ratios on five tests for a pair 
of twins. The average results tally with other measures of handedness in 
these twins, but single tests give widely differing indications.) A further 
consideration is that the prevalence of left-handedness may vary accord- 
ing to age (JonEs 1931) and sex (Witson and Dotan 1930); hence these 
factors should be controlled in a comparison of the various studies and of 
the two types of twins. Another major deficiency of these studies is that 
they lack a control group of single born, and hence we do not know how to 
interpret their prevalence data in relation to a strictly comparable normal 
group. 

In one later study (Hirscu 1930), results have been obtained which are 
somewhat in agreement with the data of NEWMAN and DAHLBERG, al- 
though the twins are divided into “similar” and “dissimilar” like-sex pairs 
rather than classified as identical and fraternal. Of 116 dissimilar twins 
(individuals) 6.0 percent were left-handed while of 86 similar twins an un- 
commonly high incidence of 20.9 percent was recorded. Criteria for deter- 
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mining handedness were not stated. Nor is it stated whether the classi- 
fication of similar and dissimilar twins was made independently of the data 
on reversed asymmetry. Hirscu’s twins had a median age of approxi- 
mately 11 years, somewhat younger than that of the majority of other in- 
vestigators. 

The present investigation, conducted as a part of a series of studies on 
twins, is based upon 386 twins and 521 single born in the school systems 
of Oakland, Berkeley and San Francisco. The comparative age and sex 
data are presented in table 3. 











TABLE 3 
NUMBER AND AGE OF INDIVIDUALS 
TWINS STANDARD DEVIATION* 
NUMBER OF INDIVIDUALS MEAN AGE IN YEARS* 

Identical 

Males 62 14.88+ .18 1.48+ .13 

Females 78 15.46+ .19 1.732 .13 

Total 140 15.20+ .13 1.64+ .09 
Fraternal 

Males 98 14.72+ .16 1.61+.11 

Females 148 15.27+.15 1.88+ .10 

Total 246 15.20+ .10 1 .35t OT 
Single born 

Males 277 15.20+ .09 2.18+ .06 

Females 244 15.17+.08 1.95+ .06 

Total 521 15.18+ .06 2.07+ .04 














* For the data on twins the probable errors are based upon the number of pairs in each group. 
METHOD OF SAMPLING 


In an attempt to locate a representative sample of twins in the age 
range of 10 to 20 years, 19 junior and 16 senior high schools were canvassed. 

The twins were located in each school through the principal’s office. Par- 
ticular effort was made to locate not only those twin pairs that were to- 
gether in a class, but also pairs of which the two members were in differ- 
ent grades or different schools. A previous report (WILSON and JONES 
1931) has described a similar sampling of twins, covering a wider age range. 

The single born group used as a control was recruited from one junior 
and one senior high school. Both schools have a large enrollment and are 
considered representative of the school population from which the twin 
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sample was drawn; an unselected sample was taken in these schools in all 
grades from the seventh through the twelfth. 


CLASSIFICATION OF TWIN TYPE 


Individual examinations of the twins gave opportunity to classify each 
pair as to type (identical or fraternal). The criteria used are the same as 
described in previous studies by the authors (WiLson and Jones 1931), 
and are based on those suggested by SIEMENS (1927), DAHLBERG (1926), 
and NEWMAN (1928a). This method is based upon the theory that if two 
members of a pair closely resemble each other in a number of character- 
istics, each of which is largely and independently determined by genetic 
factors, there is a very high probability that the two individuals have the 
same germinal make-up and are therefore of monozygotic origin. In this 
study, determination of the type of each pair was made by conference be- 
tween the examiners at the time of the examination. If there remained a 
doubt which closer examination could not dispel, the pair was classified as 
“undetermined.” In this study as in others using the same method, the 
large majority of pairs were very readily classified in one group or the other. 
There remained, however, fifteen pairs (8 percent of the total) which the 
examiners conservatively classified as “undetermined.” 

In another study undertaken a few months subsequently, a third worker 
(J. Burke) had occasion to interview and classify 80 of these same pairs. 
He used the same criteria but his diagnosis in each case was made with- 
out knowledge of our classification. In only three cases did his grouping 
disagree with ours: two pairs that we classed as “undetermined” he listed 
as fraternal, and another pair classed as “undetermined” he called iden- 
tical. In no case was a pair shifted from identical to fraternal or vice versa. 
Consistency of classification is not necessarily proof of validity; there is, 
however, a high degree of certainty that errors in classification have not 
been sufficiently numerous to affect group comparisons. 


THE CLASSIFICATION OF ASYMMETRY TRAITS 


The data on asymmetry traits of the twins were included in an examina- 
tion in which anthropometric and other physical data were obtained. The 
anthropometric measurements were omitted in the case of the single-born 
controls, but in other respects the same method was employed. 

1. The child was asked, “Which hand do you write with?” His answer 
was noted as R or L on the handedness schedule. 

2. He was then asked, “Which hand do you throw a ball with?” If there 
was any apparent uncertainty in the answer the child was asked to demon- 
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strate. A number of individuals were found who reported, and demon- 
strated, that they threw with either hand with about equal facility. These 
were marked RL (see table 4). 

3. The dominant eye was determined by having the child look through a 
ring (both eyes open) at a fixed object between the child and the ex- 
aminer. Three trials were given; in case the child showed an initially un- 
stable reaction, additional trials gave him an opportunity to stabilize on 
either R or L preference. When a shifting preference was maintained 
through more than six trials, the child was recorded as “?” in this trait. 
In nearly every case at the time the test was being made the child was 
quite unaware of which eye he was using, or that his fixation was uniocular. 

4. Crown whorl was in most cases readily determinable as clockwise or 
counterclockwise at the same time that the cephalic measurements were 
being taken. In a few individuals considerable care had to be exercised to 
make the correct classification, and occasionally through considerations 











of time or cooperation the diagnosis had to be left as “?” (see footnote, 
table 6). A few instances of double crown were noted. 
RESULTS 
TABLE 4 
Handedness, by individuals (throwing hand). 
MALES FEMALES TOTAL 
NUMBER OF NUMBER OF NUMBER OF 
PERCENT L PERCENT L PERCENT L 
INDIVIDUALS INDIVIDUALS INDIVIDUALS 
se 
Identical* 62 322.7 | 78 10.34+2.4 140 10.7+1.8 
Fraternal (same-sex) 44 11.4+3.2 94 10.6+2.2 138 10.9+1.8 
Fraternal (opposite- 54 14.84+3.3 54 9.342.6 108 12.0+2.2 
sex) t 
All fraternal 98 13.34+2.4 148 10.0+1.7 246 11.4+1.4 
All twins 160 12.5+1.8 226 10.0+1.4 386 11.1+1.1 
Single bornt 277 6.9+1.1 244 G.221.1 521 6.5% 7 























* Three and two tenths percent of the identical males and one and four tenths percent of the 
identicai females were classified as RL (dextro-sinistral). 

t One and nine tenths percent of the opposite sex males were RL. 

t¢ Seven tenths percent of the single born males and one and two tenths percent of the single 
born females were RL. The percentage of left-handed among the single-born is slightly higher 
than that which has been reported in a number of prevalence studies; Miss H. E. NEALL (unpub- 
lished data), however, in a very thorough canvass of over 800 cases in a Berkeley kindergarten 
population, found the incidence of left-handedness to be 6.5 percent; and QurINaAN (1930) in a 
recent report on over 1000 University students found 7.6 percent to be left-handed. 
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TABLE 5 
Handedness, by pairs (throwing hand) 






































MALES | FEMALES NUMBER TOTAL 
mas or 
| PERCENT R-L | “tn I PERCENT R-L | — PERCENT R-L_ | percent L-L 
Identical 22.6+5.1 | 0 15.4+3.8 2.6 70 18.6+3.1 1.4 
Fraternal 
(same-sex) 22.7+5.8 | O 17.0+3.7 2.1 69 18.8+3.2 1.4 
All (same-sex) 22.6+3.9.| 0 16.342.7 | 2.3 | 139 18.7+2.3 1.4 
Fraternal 
(opposite-sex) | 54 20.44+3.7 1.9 
All fraternal ae? .. | 123 | 19.542.4] 1.6 
All twins a. =? + + | oe 199.222.0 1.6 

















Our data for traits other than throwing hand (table 6) show no reliable 
differences between groups of identical and fraternal twins or between the 
twins and the single-born controls. 

Data from other studies of crown whorl show very conflicting results as 
illustrated by the following figures: 


NEwMAN (1928b) 94 individuals from identical pairs 24.4+3.0 percent “L” whorl 
NEWMAN (1928b) 96 individuals from fraternal pairs 4.1+1.4 percent “L” whorl 
VERSCHUER* (1931) 234 individuals from identical pairs 25.6+2.0 percent “L” whorl 
VERSCHUER* (1931) 152 individuals from fraternal pairs 26.3+2.4 percent “L” whorl 
LAUTERBACH (1925) 256 individuals from like-sex pairs 6.6+1.1 percent “L” whorl 
LAUTERBACH (1925) 116 individuals from unlike-sex pairs 18.1+2.4 percent “L” whorl 
LAUTERBACH (1927) 1008 individuals single-born “normal” 18.1+0.9 percent “L” whorl 


* No mention is made of double crowns. In all other studies an additional small percentage 
of twins of both types had double crowns. 


No comparable studies are known of “eyedness” in twins. PARSONS 
(1924), using a “manoptoscope” in a study of 877 school children, found 
that about one third were “left-eyed.” QuINAN (1930), in a study of 1000 
male college students, found that 22.5 percent sighted a pistol with the 
left eye. 

With reference to the handedness data, it is clear that the tables for 
the throwing hand (tables 4 and 5) give a clearer picture of “natural” 
preference than the data on writing (table 6), for in the latter function, 
home and school influences combine to encourage left handed children to 
use the right hand. The outstanding fact about these percentages on the 
throwing hand is that both monozygotic and dizygotic twins agree in show- 
ing a higher incidence of left-handedness than occurs in a representative 
population of single born. 
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DISCUSSION 


Several alternative explanations may be offered for these findings: 

1. The excess percentage of left-handed among monozygotic twins (as 
compared with single born individuals) may be due chiefly to reversal of 
asymmetry, as proposed by DAHLBERG and NEwMaN. A similarly in- 
creased percentage among dizygotic might then involve other factors not 
yet formulated. Such an explanation would be of greater complexity than 
a single theory applicable to both types of twins. Inasmuch as in our study 
the two types of twins share substantially the same increments of left- 
handedness, as compared with the single born, it is natural to look for a 
common explanation of this phenomenon. It may be noted that our data 
concerning hair whorl and eyedness are not in support of the NEwMAn- 
DAHLBERG theory, for in these traits twins and single born show no signifi- 
cant differences. If the excess left-handedness in twins is due to embryonic 
reversal of asymmetry, it is a matter of surprise to find that in other re- 
spects no increase of reversed asymmetry is registered. We are unable to ac- 
count for the discrepancy between our results and NEWMAN’S, except pos- 
sibly on the assumption that his method of sampling slightly favored the 
selection of identical twins possessing striking characteristics as to re- 
versed asymmetry. 

2. It has been suggested by LAUTERBACH that reversal of asymmetry in 
the embryo may be responsible for the increase of left-handedness both 
in identicals and fraternals, a left-handed fraternal twin being one of two 
surviving members of dizygotic triplets (or quadruplets). But if left-hand- 
edness is as frequent among fraternals as among identicals, then every fra- 
ternal pair contains a surviving member of a monozygotic pair. There is 
no escape from such a conclusion, except by making extraordinary assump- 
tions as to differential prenatal mortality of twins. Furthermore, if we 
carry this theory to its next logical step, we would assume that left-handed 
single born are the surviving members of monozygotic twin embryos; this 
would also lead us into improbabilities, for since less than 2 percent of all 
left-handed children are members of living monozygotic twin pairs, we 
would have to assume a prenatal mortality affecting one member of the 
pair in over 98 percent of RL monozygotic pregnancies. 

3. Left-handedness may be hereditarily determined, the factors for twin- 
ning being linked with factors for sinistrality. This theory would assume 
a common hereditary basis for the two types of twins, and JorDAN (1914) 
and others have accumulated some evidence in support of such a view. The 
investigation of family lines, with especial reference to familial strains of 
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twins and of left-handed individuals, may throw some light on this prob- 
lem, if data can be assembled from sufficiently large populations. In our 
group of 70 identical pairs, only one pair is L-L, and in the group of 123 
fraternal pairs two pairs are L-L. This population is too small to compare 
identicals and fraternals in a characteristic affecting so small a number of 
pairs. However, when the percentage of L-L pairs is computed for six of 
the most important studies in the literature, a total of 688 pairs, it is 
found that 4.5 percent of the identicals and 1.7 percent of the fraternals 
are L-L. This is similar to what would be expected on the assumption that 
hereditary tendencies exist toward left-handedness. For if X/100 is the 
incidence of hereditary left-handedness among the single born, then this 
should be the incidence among zygotes destined to form plural embryos, 
and it should also be the incidence of L-L pairs among the monozygotic 
(except as reduced by tendencies toward mirror reversal or by differential 
mortality). But among the dizygotic, the expected incidence of L-L pairs 
would from the outset be (X/100).? 

4. The position of the foetus in the uterus may affect development of the 
functional predominance of one hand. Twins of either type are much more 
crowded, and foetal movements more restricted than among the single 
born. In the case of the single born, the foetus usually lies with its long 
axis more or less parallel to that of the mother and with its head down- 
ward. At birth about 96 percent are presented head first (W1LLIAMs 1930). 
In twins the position is much more varied: they may both lie with their 
long axes either parallel or at right angles to that of the mother; the two 
heads may be together or they may be opposite. The frequency of the 
latter position is indicated by the fact that about 31 percent of individual 
twins are delivered breech first as compared with only 3 percent of single 
born children (Wi1LLtams 1930). Since twins of both types undergo the 
crowding and other changes of position due to the “abnormal” conditions 
accompanying twinning in man the effect would tend to be similar on the 
two classes of twins. In this way the similar handedness data for both types 
would be accounted for. The authors are not prepared to enter into a de- 
tailed discussion of the relation of foetal position to the phenomena of 
handedness, but the possibility of such a relationship seems to deserve con- 
sideration. 


SUMMARY 


Handedness data were secured for 386 individual twins of high school 
age, and also for a control group of 521 single born. The twins were diag- 
nosed as of fraternal or identical type, and the data for each type were 
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compared with those for the single born. The traits studied were: hand 
used for throwing, hand used for writing, dominant eye, and crown whorl. 
The hand used for throwing was considered the best measure of “natural” 
handedness. The more significant findings were as follows: 

1. With “throwing hand” as the criterion of handedness, the incidence 
of left-handed individuals among the twins was from 10.7 +1.8 to 12.04+2.2 
percent depending on the group. Among the single born the incidence was 
reliably lower, 6.5 +0.7 percent. 

2. Although the difference was never reliable, the percentage for the 
boys was consistently higher than that for the girls. Some importance at- 
taches to the question as to whether this excess is the same as among the 
single born, or whether it is increased by those factors which increase left- 
handedness among twins. More cases will be necessary before this question 
can be answered satisfactorily. 

3. There was no reliable difference between identical or fraternal nor 
between the like-sexed and the unlike-sexed groups. 

4. Between 18.6 and 20.4 percent of the pairs of each group contained 
one left-handed member. There was no reliable difference between the 
identical and fraternal nor between the like-sexed and unlike-sexed pairs. 

5. For “writing hand” the twins showed an unreliably higher percentage 
than the controls (5.5+0.7 percent versus 4.1+0.6 percent). For the other 
traits of asymmetry there was no indication of a significant difference be- 
tween the identical and fraternal, the like-sexed and unlike-sexed groups, 
nor between the twins and the single born. 

6. Our data on handedness (using throwing hand as the criterion) agree 
rather well with data obtained by SIEMENS, VERSCHUER and LAUTERBACH, 
but differ from the data of DAHLBERG, NEWMAN and Hirscu. The dis- 
crepancies may depend partly on variations in the methods of identifying 
the left-handed, as well as on factors affecting the selection of twins. 

7. No adequate explanation of the factors determining handedness in 
twins can be formulated until more complete agreement exists concerning 
the true incidence of the different kinds of asymmetry among the different 
types of twins. As a next step it seems desirable to work with a greatly in- 
creased number of cases (twins and single-born controls) and to develop a 
more comprehensive standardized method of diagnosing asymmetries. 
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INTRODUCTION 


In the following pages, data will be presented which bear upon two of 
the major problems of Oenothera research, (1) the genetical effect of 
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chromosome cohesion in Oenothera, and (2) the cause of chromosome co- 
hesion. 

(1) The “chromosome cohesion theory” (see CLELAND 1923, 1924, 1926, 
1928, OEHLKERS 1926, CLELAND and OEHLKERS 1929, 1930, EMERSON 
1929, 1930, 1931) is to the effect that the union of chromosomes end to end 
to form circles in diakinesis, and the distribution of adjacent chromosomes 
to opposite poles in anaphase is a mechanism which is bound to bring about 
the genetical linkage of genes residing in different chromosomes, so long 
as these chromosomes are a part of a single circle. This, therefore, is the 
mechanism responsible for the formation of the so-called “Renner com- 
plex.” If this theory be correct, then each circle is the basis of a large or 
super-linkage group, and the number of linkage groups in any form will be 
equal to the number of chromosome groups. For example, a form with a 
circle of 10 chromosomes and 2 pairs has one super-linkage group and 2 
small, normal linkage groups. 

A method of testing this theory exists, for, if it be correct, then one 
should find a correlation between breeding behavior and chromosome con- 
figuration: forms with all of their chromosomes in a circle should breed 
true, and those with but few pairs should show only minor segregations; 
while those with a relatively large number of chromosome groups should 
present a correspondingly greater amount of splitting in their progenies. 
Evidence that such a correlation does exist has been furnished by OEHL- 
KERS (1926), CLELAND and OEHLKERS (1929, 1930) and Emerson (1929, 
1930, 1931). Further data in support of this correlation will be presented 
in this paper. 

(2) There is a strong indication that segmental interchange is re- 
sponsible for circle formation in Oenothera, as in other organisms. 
BELLING formulated this theory in 1927. It is to the effect that homologous 
ends of chromosomes attract one another in diakinesis; that non- 
homologous chromosomes may exchange end segments occasionally, and 
that when this occurs the attraction between homologous segments will 
bring about the union of non-homologous chromosomes to form a chain or 
circle. The theory has been applied specifically to Oenothera by HAKANs- 
SON (1928, 1930), DARLINGTON (1929), Emerson (1931) and CLELAND and 
BLAKESLEE (1930, 1931). The last mentioned have been able to make suc- 
cessful predictions with respect to the chromosome configurations of 
certain hybrids on the basis of this theory which could not have been 
made upon any other basis, thus subjecting the theory to a critical test. 
For the method by which these predictions have been made, the reader is 
referred to the papers cited. 
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In the present paper, the results of certain additional predictions will be 
given, all of which are confirmatory of the theory of segmental interchange. 
SOURCES OF MATERIAL 

Oe. muricata. Material was derived from seed sent by Professor DE VRIES 
in 1925 (Lunteren 1922xs.). I have grown cultures in selfed line in 1926, 
1929 and 1930. 

Hookeri de Vries. This strain is from seed received from DE VRIEs in 
1925 (Lunteren 1923 Xs.). It represents the original line collected in the 
vicinity of Berkeley, California in 1904 by DE Vries. I have grown genera- 
tions in selfed line in 1926, 1929 and 1930. 

r-Lamarckiana. Seed was received in 1925 from Professor RENNER 
(Renner 1925.162Xs.). The strain came originally from HERIBERT- 
Nitsson. I have grown cultures in selfed line in 1926, 1929 and 1930. 

suaveolens. This line comes from seed sent me by RENNER in 1926 
(Renner 1925.86 Xs.). RENNER received the strain originally from DE 
Vries. I have grown generations in selfed line in 1926, 1929 and 1930. 

grandiflora. This is the strain grown by Professor SHULL as “grandiflora 
B,” received originally from Davis. The crosses between this grandiflora 
and franciscana were made by SHULL in 1924, and they, together with the 
parent species, were examined cytologically by the writer in 1925. 

franciscana. Two strains have been used. One of these, franciscana 
“Shull,” is derived from rosettes sent by Professor SHULL in 1925 (Shull 
2469 Xs.). This is a selfed line from seed supplied by Davis, apparently 
from his strain franciscana B. I have grown cultures from selfed plants in 
1925, 1929 and 1930, the race being entirely uniform. 

The second strain was received from DE VRIEs in 1925 (Lunteren 
1923 Xs.). This is a selfed line begun in 1915 from seed sent to DE VRIES 
by Bart Lett. It therefore had the same origin as Davis’ franciscana B. I 
have grown cultures in selfed line in 1926, 1929 and 1930, the race being 
entirely uniform. 

FIELD AND CYTOLOGICAL DATA 
1930 :24 Oc. (muricata X Hookeri deV.) (1929:3, pl. 5X1929:14, pl. 9) 


Out of 161 seeds sown in Petri dishes, 115 germinated, 85 seedlings were 
transferred to soil, and 50 plants were set out in the field. These were all 
uniform, and typical rigidae, except plant number 42, which was a meta- 
cline. The ungerminated seeds included 19 with embryos. 


rigens -"Hookeri 


This complex-combination was first briefly described by DE VRIES 
(1913), and has been discussed and figured by RENNER (1925). 
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rigens influence was seen in the color of leaf, stem, bud and fruit; in the 
near-absence of red on the basal part of the stem; in the thickness of 
leaves, shape of open flowers, and size of petals in relation to anthers. 
Plants were intermediate between the parents in habit, amount of red at 
tips, breadth of the floral tip, stigma-lobe thickness, style length, bud and 
flower size. 

Eleven fixations were made from 3 plants, each fixation from a single 
plant. The chromosome configuration was found to be a circle of 6 and 4 
pairs in all 3 plants. The configuration was seen intact in a total of 66 
cells. No exceptional configurations were found, and very little disintegra- 
tion of the chains was observed. 


curvans -"Hookeri 


The presence of metacline hybrids in this cross has been described by 
RENNER (1925). A single plant of this composition appeared in the culture. 
It was a combined sectorial and periclinal chimaera. Two-thirds of the 
plant was in the nature of a periclinal chimaera with bright yellow-white 
leaf edges, or in some cases with one side of the leaf devoid of chlorophyll 
(compare RENNER 1924, 1925). The other one-third was wholly green. 
This plant differed, furthermore, from the other individuals in the family 
in having narrower, darker green, more irregularly sinuous and more wavy 
leaves; shinier stems, bent at the tip, with bright red pigmentation below, 
and more red at the tip, as well as more red papillae; bracts thinner, 
flowering tip less flattened; buds not so stout, with red papillae on ovary 
and cone, red pigmentation on hypanthium as well as cone, long spreading 
hairs and sepal tips widely separated; fruits more slender, greener, and 
less hairy. 

From the 6 fixations taken from this plant, a sufficient amount of 
material was obtained to demonstrate the presence of a circle of 6, circle 
of 8 as the chromosome configuration. A total of 28 cells in which the con- 
figuration was intact was noted. In addition, a number of cells was found 
in which the chains had become more or less broken up. In all such cases, 
however, the configuration could be interpreted as a circle of 6, circle of 
8, and no cases were observed in which any other configuration was 
certainly present. 


1930:23 Oe. (Hookeri deV. X muricata) (1929:14, pl. 9 X1929:3, pl. 5) 


Out of 213 seeds sown in Petri dishes, only 66 germinated, of which 48 
were transferred to soil and 27 came up, all with pale green cotyledons. 
These all died early because of the lack of chlorophyll. 
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The failure of Hookeri plastids to function in the presence of the 
*Hookeri. curvans gene combination has been noted previously by RENNER 
(1924, 1925). 


1930:29 Oe. (suaveolens X muricata) (1929:11, pl. 6X1929:3, pl. 10) 


RENNER has shown that only the albata is viable in this cross (1918, 
1925). Oe. suaveolens plastids fail to function in the presence of the 
flavens -curvans gene combination. 

Only 42 seeds were sown in Petri dishes, of which 14 germinated. Of the 
ungerminated seeds, 14 were empty and 14 had embryos. Of those which 
germinated, only 6 came up when transferred to soil, 5 of which were 
extremely chlorotic and soon perished. One green seedling only was left, 
which grew to be a large rosette but sent up no flowering shoot. It was no 
doubt an albata. 


1930:30 Oe. (muricata X suaveolens) (1929:3, pl. 10X1929:11, pl. 6) 


From 183 seeds sown in Petri dishes, 152 germinated and 146 were 
transferred to seed pans and came up. Of the 31 ungerminated seeds, 14 
had embryos and 27 were empty. The plants were quite uniform except for 
one individual. This plant and 49 normals were set out in the field. Except 
for the one aberrant plant, the culture remained uniform throughout the 
season, and corresponded to the description for rigens-flavens given by 
RENNER (1918, p. 644). 

The aberrant plant was a dwarf, scarcely 30 cm high, with an eccentric 
stalk, and basal branches confined to one side of the plant. The leaves were 
proportionately broader and less pointed than in the normal, the bracts 
relatively larger, in comparison with the very small fruits. The stem lacked 
red papillae and red pigmentation at the tip. The buds were wholly green, 
with sparse bristly hairs, very stout, with sepal tips widely separated. The 
plant evidently contained, at least in part, the curvans complex, but was 
clearly not a typical curvans - flavens. It turned out to have 15 chromosomes. 

Material was collected from 4 plants of the normal rigens -flavens type. 
These were in agreement in showing a circle of 4, circle of 6 and 2 pairs as 
their configuration. Altogether, 68 cells showing the complete configuration 
were observed, a number which represents but a small proportion of those 
which might have been studied on the slides examined had the search 
been prolonged. In better fixed regions there was found very little dis- 
integration of the chains, and no evidence of abnormal configurations. 
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Oe. franciscana deV. and Oe. franciscana Sh. 


In 1922, the writer published an account of the cytology of Oe. fran- 
ciscana Bartlett, demonstrating the presence of a circle of 4 chromosomes 
and 5 pairs in the pollen mother cells of 4 plants. In 1925, however, the 
franciscana of SHULL was found to have nothing but paired chromosomes 
(CLELAND 1928). 

In view of this discrepancy, cultures of both franciscana Shull and fran- 
ciscana de Vries have been grown in 1929 and 1930, and have been in- 
vestigated cytologically. Fixations during 1929 were made from 3 plants 
of franciscana deV. and 5 plants of franciscana Sh. During 1930, material 
was examined from 5 plants of franciscana deV. and 3 plants of franciscana 
Sh. All of these plants without exception showed 7 pairs of chromosomes in 
their pollen mother cells. No record was kept of the number of cells ob- 
served in the 1929 material, although the number was quite large. In 1930, 
56 cells of franciscana Sh., representing all 3 plants, and 80 cells of fran- 
ciscana deV., representing all 5 plants, were clearly observed to have 7 
pairs. These numbers could have been greatly increased, had it been 
thought necessary. 

Especial attention was paid to late second contraction and early dia- 
kinesis stages in these studies, in view of the published statement by Kut- 
KARNI (1929), who found that a circle of 4 was present in early diakinesis, 
which soon broke up, so that mid and late diakinesis presented 7 pairs. In 
none of my material, however, was I able to find a circle of 4, even in early 
stages. I am forced to the conclusion that such a circle is not present, and 
that the normal configuration of these strains is 7 pairs. 

The difference in chromosome configuration between the form studied 
in 1922 and these later forms may perhaps be correlated with slight 
morphological differences. Thus, according to Davis’ description of fran- 
ciscana B (1916), the cone of the mature unopened bud is streaked with 
bands of red, whereas in my material the scarlet or salmon-red pigmenta- 
tion is uniformly distributed over the body of the sepals, except for the 
calyx tips and for faint greenish lines separating the sepals. Furthermore, 
my material shows a considerable amount of diffuse anthocyan pigment 
in the stems, especially below, but also at the extreme tips. Davis’ de- 
scription says nothing of the red pigmentation at the tips of the stems, 
referring to the stems as green. Also, Davis’ plants showed strong central 
shoots, with shorter side branches, whereas mine have consistently shown 
only side branches, central shoots having appeared but rarely. While I 
am by no means certain that these differences are significant, and that 
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they may not be correlated with differences in environment, it is possible 
that my material with its 7 pairs is slightly different genetically from the 
material which has a circle of 4. (In a recent letter DAvis informs me that 
his present strain of franciscana B agrees with mine in bud color but has a 
very strong central shoot, and the tips of the stems are green.) 

While the reason for this cytological divergence has not been ascer- 
tained, it seems to me that there is a possible explanation. Oe. franciscana 
is an alethal species, and consequently would not be expected to breed 
true for a circle of chromosomes if it had one. Assuming that the circle 
has been produced by segmental interchange, and that the chromosomes 
have definite positions within the circle, due to the attraction between 
like ends of non-homologous chromosomes, then, with adjacent chromo- 
somes passing to opposite poles, two classes of gametes would be formed 
with respect to the chromosomes comprising the circle. Any recombina- 
tion being possible, the progeny of a selfed plant would therefore contain 
two classes of plants with 7 pairs, totalling one-half of the progeny, and 
one class with a circle of 4, comprising the other half. In short, all plants 
heterozygous for the chromosome complexes produced from the circle 
should have the circle; those homozygous for one or other of the complexes 
should have 7 pairs. 

The small size of the circle in franciscana, and the absence of lethals, 
suggests that the circle is of comparatively recent origin, and that the 
chromosomes comprising the opposing complexes formed by the circle 
are relatively similar genetically. Consequently, it may well be that the 
segregation in respect to complexes in this case is accompanied by a 
phenotypic segregation of so minor a nature as to escape attention. Appar- 
ently, then, in the case of both of my strains of franciscana, some worker 
has unwittingly chosen for the purpose of selfing one of the homozygous 
segregates with 7 pairs, instead of a circle-bearing heterozygote, and so 
has established a race without circles. This supposition is strengthened by 
the fact that, whereas both of my strains give 7 pairs with Hookeri in 
reciprocal crosses, the strain of STURTEVANT and EMERSON, which is also 
derived from Davis’ franciscana B, and which has 7 pairs, gives a circle 
of 4 with Hookeri, and would consequently give a circle of 4 with my 
strains of franciscana. There is at least a strong probability that I have 
one of the two possible homozygous segregates from the circle-bearing 
franciscana, and STURTEVANT and EMERSON have the other. It will be 
an easy matter to bring these two together, and compare the resultant 
hybrid phenotypically with the original description of franciscana. 
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1925:6 Oe. (grandiflora BXfranciscana Sh.) (= Shull 2473) 


This culture was grown at the UNIVERSITY OF PENNSYLVANIA in 1925, 
from rosettes kindly sent me by Professor SHuLL. The plants were uni- 
form. They resembled grandiflora B. in the presence of a strong central 
shoot, evanescent rosette, absence of rosette branches, in color and hairi- 
ness of leaves, relative absence of pigment on stems, and green buds. They 
were like franciscana in the presence of red papillae, in the hairiness of 
buds and fruits, and showed the influence of franciscana in size and shape 
of the leaves. It should be noted, furthermore, that the plants were grown 
in a relatively shady situation, and it is possible that had they been placed 
in a more open position, they might have shown to some extent the pro- 
duction of red pigment in the stem tips and bud cones. 

Collections were made from 5 plants. A total of 13 fixations was ob- 
tained, each fixation from a single plant. The chromosome configuration 
of all 5 plants was determined, and was found to be a circle of 4 and 5 
pairs (see CLELAND 1928). A total of 61 cells showing the configuration 
was recorded. The fact that all the plants were alike in configuration, 
coupled with the phenotypic uniformity of the culture, strengthens the 
conclusion that both parents produce but one type of gamete, and that 
but one kind of hybrid is therefore possible between them. 


Oe. (franciscana Sh. X grandiflora B) (= Shull 2474) 


This hybrid was grown simultaneously with its reciprocal by Professor 
SHULL, at Princeton, New Jersey. The plants were for the most part 
chlorotic, so that the great majority died either in the pots or in the field. 
Only 13 plants out of 129 came into bloom. So far as could be determined, 
however, there were no differences between this culture and its reciprocal 
which could not be ascribed to the greater vigor of the reciprocal resulting 
from its freedom from chlorosis. 

Material was collected from the greenest individuals of this culture. 
Owing to the relative scarcity of buds, however, two or more plants were 
included in each fixation. As all fixations were made on the same day, 
each collection represents a different set of plants. Material was examined 
from 3 collections, representing at least 3 plants. All buds were found to 
have the configuration characteristic of the reciprocal, namely a circle of 
4 and 5 pairs. In all, 37 complete nuclei were observed which showed the 
normal configuration. 
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1930:22 Oe. (franciscana deV.X Hookeri deV .) 
(1929:5, pl. 1X1929:14, pl. 2) 


Of the 150 seeds sown in Petri dishes, 149 germinated, 30 seedlings were 
transferred to soil and 27 plants were set out and grew to maturity. The 
seed which failed to germinate was devoid of an embryo. 

Plants resembled franciscana in leaf breadth and shape, bud shape, color 
and hairiness; they resembled Hookeri in the flatness of the leaves, mid- 
rib color, marginal leaf color, stem color and compactness of floral tip. 
Other characters were either common to the parents, or intermediate in 
the hybrid. 

A total of 14 fixations was obtained from 5 plants of this culture, each 
fixation from a single plant. The proper stages were obtained from 4 
plants, which showed entire uniformity of cytological behavior, with 7 
pairs of chromosomes present during diakinesis. A total of 47 pollen 
mother cells showed beyond question the normal arrangement. 


1930:21 Oe. (Hookeri deV.Xfranciscana deV.) 
(1929:14, pl. 9X1929:5, pl. 1) 


All of the 133 seeds sown in Petri dishes germinated. Of these, 30 were 
transferred to soil, and 15 plants were brought to maturity. These plants 
were uniform, and resembled their reciprocal in every way. 

Fixations were made from 9 plants, a total of 15 collections, each from 
a single plant. Material from 8 of these was found to have the proper 
stages. Seven plants were in agreement as to chromosome configuration, 
having 7 pairs like the reciprocal. I observed 92 cells in which all 7 pairs 
could be clearly seen. One plant, however, showed a circle of 4 in all 
pollen mother cells. Only one fixation was made from this plant, and only 
one bud was obtained in the proper stage, so that it is not certain whether 
this configuration was characteristic of the whole plant or only of a single 
bud or branch. The probabilities are that this is the configuration of the 
whole plant, and that the circle arose through a segmental interchange 
which took place at the formation of one of the germ cells which produced 
this plant. The preponderance of plants with 7 pairs, however, and the 
fact that the reciprocal showed this configuration also, indicate that per- 
fect pairing is the normal condition in this combination, and that one 
plant was exceptional in this respect. 

The fact that the reciprocals in crosses with the homozygous Hookeri 
deV. are uniform and identical with each other in all respects, phenotypi- 
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cally and cytologically, indicates that franciscana deV. is also practically 
or entirely homozygous. 


1930:20 Oe. (franciscana Sh. X Hookeri deV.) 
(1929:4, pl. 9X1929:14, pl. 9) 


Of the 162 seeds sown in Petri dishes, 122 germinated and 19 plants 
were brought to maturity. The 40 seeds which failed to germinate were all 
devoid of embryos. The culture was uniform, and was practically indis- 
tinguishable from franciscana deV. X Hookeri deV. 

Collections were made separately from 3 plants, 3 collections from each 
plant. All three plants showed the uniform presence of 7 pairs of chromo- 
somes in their pollen mother cells, a total of 57 cells being noted with this 
arrangement. No other configuration was observed. Cytologically, as well 
as phenotypically, therefore, this culture resembled the corresponding 
cross, franciscana deV. X Hookeri deV. 


1930:19 Oe. (Hookeri deV.Xfranciscana Sh.) 
(1929: 14, pl. 9X1929:4, pl. 2) 


From 210 seeds sown in Petri dishes, 197 germinated, 30 seedlings were 
transferred to soil, and 18 plants were brought to maturity. The 13 seeds 
which failed to germinate were found to have no embryos. This culture 
fully resembled its reciprocal in appearance, and hence was indistinguish- 
able from the corresponding culture involving franciscana deV. 

Eleven fixations were made from a total of 5 plants, each fixation being 
confined to a single plant. Material of only 3 plants was sectioned and 
studied. The three showed 7 pairs of chromosomes in every one of the 51 
complete pollen mother cells examined. 


1930:40 Oc. (franciscana deV. X muricata) 
(1929:5, pl. 2X1929:3, pl. 10) 


HOEPPENER and RENNER (1929) report that franciscana X muricata re- 
sults in nothing but pale seedlings which fail to grow. I was not able even 
to secure germination, although the seeds had embryos for the most part. 
Had pressure been used, it is possible that they might have germinated. 


1930: 39 Oe. (muricata Xfranciscana deV.) 
(1929: 3, pl. 10X1929:5, pl. 2) 


Of the 109 seeds sown in Petri dishes, 56 germinated and 34 plants were 
set out in the field. Of the 53 seeds which did not germinate, 50 were de- 
void of visible embryos. One plant which reached maturity was un- 
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doubtedly a typical franciscana, included by mistake. It had 7 pairs of 
chromosomes. Another plant was probably a metacline. It was small, 
with narrow toothless leaves, and did not develop beyond the rosette con- 
dition. Except for these two plants, the culture was uniform and similar 
to muricata X Hookeri deV. It differed from the latter chiefly in having 
blunter, broader, decidedly more wavy leaves, with margins less evenly 
toothed, midribs white, and in having slightly larger flowers and slightly 
less color on the bud-cones. 

These plants were clear rigidae in color of foliage, stem and bud, and in 
shape of bud and flower. The influence of franciscana was most clearly 
seen in the waviness of the leaves, the more delicate stems, red pigment 
at the stem tips, larger flowers, narrower stigma lobes, and slight trace of 
red pigment on the lower half of the bud-cone. 

Excluding the franciscana-like plant which had 7 pairs of chromosomes, 
fixations were obtained from 4 plants, a total of 11 fixations having been 
made. All 4 plants were uniform as to chromosome configuration, with a 
circle of 6 and 4 pairs in every pollen mother cell. The total number of 
complete pollen mother cells seen was 69. 


1930: 38 Oe. (franciscana Sh. X muricata) 
(1929:4, pl. 2X1929:3, pl. 10) 

From 108 seeds sown in Petri dishes, 68 germinated and 30 seedlings 
were transferred to earth, of which 26 came up. Of those which did not 
germinate, 37 had embryos. All of the seedlings which came up were 
yellowish, with scarcely a trace of chlorophyll, and all died a few days 
after their appearance. They were all of the composition *franciscana- 
curvans. 

1930:37 Oe. (muricata Xfranciscana Sh.) 
(1929:3, pl. 10X1929:4, pl. 2) 


Of 121 seeds sown in Petri dishes, 68 germinated and 53 failed to germ- 
inate. Only one of the latter had an embryo. Of the 31 plants set out in 
the field, 4 plants were metaclines, curvans -*franciscana, and the rest were 
rigidae, rigens -"franciscana. 


rigens -*franciscana Sh. 


The plants of this composition were uniform and resembled the cor- 
responding rigens - *franciscana deV. very closely. The only differences that 
were noted were perhaps of doubtful significance, namely, one plant of 
rigens -*franciscana Sh. had a central shoot, which none of the correspond- 
ing culture had, and the culture showed as a whole rosette branches with 
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noticeably fewer secondary branches than were found in rigens -*francis- 
cana deV. 

From three plants of this composition, 11 fixations were obtained, each 
from a single plant. All 3 plants showed in every complete pollen mother 
cell a circle of 6 and 4 pairs (59 complete cells were noted), the configura- 
tion found in the corresponding franciscana deV. cross. 


curvans -"franciscana Sh. 


The 4 plants of this composition were alike except for the degree and 
nature of the variegation which they displayed and the consequent differ- 
ences in general vigor. Features possessed in common were as follows: 

Leaves dark green, narrower than in rigida, wavy, very irregularly sinu- 
ous-toothed, with white midribs and red-toothed margins. Stems all 
lateral, quite red below, greenish above, tips decidedly reddened, red 
papillae numerous; long hairs abundant, fine felt also present; stems at 
first distinctly bent over at tips, this character becoming obscured toward 
the end of the flowering period. Bracts reddened beneath, spreading, curly- 
wavy, slightly exceeding buds when young, creating a flat-topped floral 
tip. Buds with numerous erect bristly hairs, but lacking the fine felt of 
the rigida; red papillae on ovary, diffuse pigmentation on hypanthium and 
cone; cone color about as in Hookeri deV. Sepal tips separated, sometimes 
widely. Petals about as broad as long, deep yellow, with entire margin, 
and hardly any prominence in center of notch. Stigma slightly touched by 
anthers. Flower 2.5—3.5 cm across. Fruit longer, narrower than franciscana 
Sh. or rigida, tapering, with some diffuse red. 

Each of the 4 plants represented a different condition in respect to the 
matter of variegation. 

Plant number 4 wholly green, but the last of the 4 to come into flower. 

Plant number 7, a peculiar type of chimaera. About one-half of the plant 
perfectly green, the other half a periclinal chimaera, with green outside 
and yellow inside. Fruits on these branches for the most part yellowish, 
except that edges of carpels were occasionally dark green, thus creating 
thin green stripes along the fruits. Sepals, like foliage leaves, yellow-green 
with dark green borders. Stigma lobes a normal green when young. The 
division line between green and variegated portion of the plant went 
through the middle of a lateral branch on either side of the rosette. 

Plant number 16 like number 7, except that the nature of the chimaera 
was reversed. One-half the plant wholly green, the other half a periclinal 
chimaera, but the yellow outside, and green inside. Fruits wholly green, 
yellow stripes hardly noticeable at edges of the carpels. Sepals green with 
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yellow borders, stigma lobes yellow when young, instead of green as 
normally. The division line between green and variegated portions of the 
plant passed between lateral branches. 

Plant number 20 variegated throughout, distribution of yellow and 
green portions highly irregular. Many leaves wholly yellow on one side, 
green on other. Others had no green at all, while a few were mostly green. 
Owing to the small amount of green tissue, this plant remained a small 
rosette. 

It is evident that franciscana plastids are no more able to function in the 
presence of the "franciscana-curvans gene combination than are Hookeri 
plastids, when in the presence of the *Hookeri -curvans combination. Plants 
containing either of these gene combinations, and receiving franciscana 
or Hookeri plastids, respectively, through the pollen, will be more or less 
variegated (see RENNER 1924). 

Fixations were made from plants number 4, 7 and 16. Each fixation 
was from a single plant, and some of the fixations were confined to green 
portions, others to variegated portions of the plants. All three plants were 
found to have a circle of 6, circle of 8 in their pollen mother cells, the same 
chromosome configuration being found in green and variegated portions. 
No certain deviations from the normal configuration were found, al- 
though there was some tendency on the part of the circles to shatter. A 
detailed study was restricted to plants 7 and 16, and yielded a total of 40 
cells showing beyond question the normal configuration. 


1930:28 Oc. (franciscana deV.X suaveolens) 
(1929:5, pl. 2X%1929:11, pl. 9) 


Of the 57 seeds sown in Petri dishes, only 10 germinated, the rest lacking 
embryos of sufficient size to be recognized upon pinching the seeds. Those 
which germinated were transferred to soil, but only 6 came up. Of these, 
one died in the cotyledon stage, and the remaining five lived until mid- 
summer, being set out in the field. All were pale green with narrow, slightly 
crinkled leaves having white midribs. They possessed an insufficient 
amount of chlorophyll for proper nourishment, and finally succumbed. 

The reciprocal of this cross was not grown. 


1930:26 Oc. (franciscana Sh. X suaveolens) 
(1929:4, pl. 2X1929:11, pl. 9) 


Of 144 seeds sown in Petri dishes, 80 germinated, most of the remainder 
being devoid of recognizable embryos. Of the 30 seeds transferred to soil, 
27 came up. These were of a decidedly pale green cast, and lived only long 














CIRCLE-FORMATION IN OENOTHERA 585 


enough to develop 2 or 3 foliage leaves. They were therefore somewhat 
more chlorotic and somewhat shorter lived than the corresponding francis- 
cana deV.Xsuaveolens hybrids. Both franciscana deV. and franciscana 
Sh. differ from Hookeri deV. in their reaction with flavens. Hookeri gives 
green plants in the cross Hookeri X suaveolens. 


1930:25 Oe. (suaveolens Xfranciscana Sh.) 
(1929: 11, pl. 8X1929:4, pl. 2) 


Out of 175 seeds sown in Petri dishes, 142 germinated, and 33 failed to 
germinate. The latter included only 4 with recognizable embryos. Of the 
germinated seeds, 45 were transferred to soil, 38 seedlings came up, and 
35 plants were set out in the field. Within a month of sowing the dis- 
tinctions between flavae and albaiae were clear. The former were larger than 
the latter, with leaves more crinkled and more acute, containing red spots 
and marginal teeth. There were 25 flavae and 10 albatae among those set 
out. 


flavens -"franciscana Sh. 


Description. Strong central shoot, as well as well-developed rosette 
branches, plants 70-80 cm high when mature. Rosette leaves rather flat, 
evenly but slightly crinkled, dark green, broader than those of albatae, 
midribs white, margins and marginal teeth green, marginal hairs ap- 
pressed, susceptible to mildew. Bracts erect when young, considerably 
longer than buds; later becoming horizontal, reaching to lower part of 
sepals in anthesis, slightly longer than fruits when mature; slightly red- 
dened beneath. Stems dark red below, becoming green above, with green 
tips; many red papillae, many long hairs, slight down. Buds when young 
softly silky, like franciscana, except hairs shorter; anthers show tendency 
to bend in at tips: when mature, slender, about 7 cm long, hypanthium 
long (3 cm), green; ovary softly hairy, with few red papillae; cone with 
red stripes part way up from base, rather sparsely hairy, including some 
glandular hairs, tips long, delicate, slender, appressed; petals occasion- 
ally imperfect, with deep clefts in side; when perfect, with slight promi- 
nence in notch. Flowers averaged 4.1 cm across. Style various in length, 
stigma generally touched by anthers. Fruit fairly stout. 

Plant number 9 was typical in every way except that it was a sectorial 
chimaera, half the plant being entirely green and the other half being in 
the nature of a periclinal chimaera with white leaf margins and green 
centers. Apparently, a part of the embryo had received a preponderance 
of franciscana plastids, derived through the pollen tube, which were in- 
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capable of functioning in the presence of the flavens-*franciscana gene 
combination. 

Collections were made from 4 plants, 3 collections from each plant. 
Every pollen mother cell in which all the chromosomes were visible showed 
a circle of 4 and 5 pairs. No exceptions were observed in 55 complete cells. 


albicans - *franciscana 


These plants were later in maturing than the flavae; in fact only 4 of 
the 10 sent up flowering shoots, the rest remaining as vigorous rosettes. 

Description. No central shoot. Rosette leaves proportionally narrower, 
more crinkled and wavy than in flava, deep grayish-green, with white mid- 
ribs. Bracts when young bend out at tips, later become horizontal, shorter 
than hypanthium in anthesis, little longer than mature fruits; narrower 
than in flava when young, wavier when old. Stems barely pinkish below, 
becoming green above, with abundant red pigment at tips, stouter than in 
flava, more sparsely hairy, with less down; red papillae present, but 
fewer. Buds stout, clear green, or, exceptionally, with slight trace of red 
on cone, about as hairy as in flava; sepal tips thick, erect, more or less 
appressed; petals lighter yellow than in flava, with decided prominence 
in notch, occasionally showing imperfections in margin. Style rather long, 
stigma lobes very long. Flowers averaged 4.7 cm across. Fruit grayer than 
in flava, about same size and shape. 

The more striking differences between flava and albata are to be found 
in habit, in stem coloration and thickness, leaf shape and size, bract posi- 
tion when young, which influences the shape of the floral tip (flatter in 
albata, with more exposed buds), bud coloration and thickness, color of 
fruit, length and stoutness of stigma lobes. 

Ten fixations were made, each from a single plant, 4 plants being repre- 
sented. Material was sufficient to determine the chromosome configuration 
of 3 plants. All three were in agreement in showing a circle of 14 chromo- 
somes (32 complete nuclei showed the configuration clearly). 


1930: 34 Oe. (franciscana deV. Xr-Lamarckiana) 
(1929:5, pl. 2X1929:1, pl. 3) 


Out of 329 seeds sown in Petri dishes, all germinated but 18, of which 
10 had no visible embryos. The seeds transferred to soil yielded 59 plants, 
of which 30 were set out in the field. These were all typical velutinae, 
except for two aberrants, which had the appearance of “mutant” types. 
For some reason, /aetas were absent. Most of the plants remained in the 
rosette condition throughout the season. 
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This culture bears a great resemblance to the corresponding Hookeri 
deV. cross. In habit, the two are much the same, both showing a greater 
tendency toward the production of the central shoot on the part of late 
blooming individuals, and a lesser tendency on the part of earlier blooming 
ones. In both hybrids, the central shoot, when present, has a multitude of 
small side branches, which bloom about the same time, so that the plant 
is a mass of closely set blooms when in full flower. 

Material was collected from 7 plants, each of the 16 fixations being 
from a single individual. The chromosome configuration was found to be a 
circle of 4 and 5 pairs in all 7 individuals. A detailed record was kept for 
4 plants, from which a total of 34 complete cells was obtained. 


1930:33 Oe. (r-Lamarckiana Xfranciscana deV.) 
(1929:1, pl. 3X1929:5, pl. 3) 


From the 149 seeds sown in Petri dishes, 106 germinated, 59 seedlings 
were transferred to soil and 32 plants set out in the field. Of the seed 
which failed to germinate 23 had no visible embryo. 

A distinction between Jaetae and velutinae was early evident, the latter 
developing a yellowish coloration in varying degree on cotyledons and 
later leaves, whereas the broader leaves of the former remained dark 
green, and developed red spots on the foliage. 


velans -"franciscana deV. 


Only 11 of the 28 velutinae came to maturity. The rest lived throughout 
the season, but as rosettes. The various rosettes differed in size, and in 
width and degree of yellowing of the leaves. One plant was wholly green 
and indistinguishable from the reciprocal hybrid described above. It is 
clear that the other plants of the culture differed from the reciprocal only 
in the tendency toward yellowing of the foliage, with consequent reduction 
in vitality. 

Collections were made individually from 9 plants. Microscopic examina- 
tion was made of 6 plants, and all were found to possess a circle of 4 and 
5 pairs. A total of 55 cells showing the complete configuration was noted. 
This culture agrees therefore with its reciprocal in chromosome configura- 
tion. 

gaudens -"franciscana deV. 


The laetae were 4 in number. One of these remained in the rosette con- 
dition, the other 3 bloomed. They resembled the corresponding gaudens - 
*Hookeri very closely. 

Eleven fixations, each from a single plant, were obtained, representing 3 
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plants. These all had a circle of 10 and 2 pairs (observed in its entirety in 
18 cells). 


1930:32 Oc. (franciscana Sh. Xr-Lamarckiana) 
(1929:4, pl. 9X1929:1, pl. 3) 


Of the 126 seeds sown in Petri dishes, 107 germinated, 60 seedlings were 
transferred to soil and 15 plants were set out in the field. Embryos were 
lacking in 6 of the seeds which failed to germinate. All the resulting plants 
were velutinae. 

These plants were identical in appearance with the corresponding 
(franciscana deV.Xr-Lamarckiana) velutina except that they all finally 
bloomed. Those which bloomed later, however, developed strong central 
shoots in contrast to those which bloomed early, in which central shoots 
were either absent or developed only weakly toward the close of the flower- 
ing period of the plant. 

A total of 14 fixations was made individually from 6 plants. Material 
from 5 of these plants was studied cytologically, and all were found to have 
a circle of 4 and 5 pairs, like the corresponding cross involving franciscana 
deV. Detailed examination was made in the case of 4 plants, a total of 57 
complete cells being recorded. 


1930: 31 Oc. (r-Lamarckiana Xfranciscana Sh.) 
(1929: 1, pl. 3X 1929:4, pl. 9) 


Out of 172 seeds sown in Petri dishes, 129 germinated, of which 54 
were transferred to soil. Many were so weak that they failed to push up 
through the soil. Those which succeeded were decidedly chlorotic, and 
some died very shortly. At the time of transplanting to the field only 10 
plants remained. These were set out, and all survived the summer, but 
only one bloomed. All were velutinae. 

These plants differed from their reciprocal in being chlorotic, and hence 
smaller and weaker, with narrower leaves, thinner stems and fewer buds. 
Except for these differences, the reciprocals were no doubt alike. It is 
worthy of notice that the plastids of velans like those of flavens are more 
sensitive to the presence of the franciscana Sh. gene complex than they are 
to that of franciscana deV., functioning slightly better with the latter than 
with the former. 

An attempt was made to obtain cytological material from the single 
plant which bloomed. The proper stages were not obtained, however, and 
we must be content for the present to infer that the configuration of this 
hybrid is a circle of 4 and 5 pairs. 
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DISCUSSION 
The genetical effect of chromosome cohesion in Oenothera 


According to the chromosome cohesion theory of extensive genetical 
linkage in Oenothera, the genetical effect of the union of chromosomes end 
to end in diakinesis and the heterotypic metaphase would be to bring 
about a linkage between genes lying in different chromosomes. If this 
theory is correct, then the number of linkage groups in any given form 
should not be greater than the number of chromosome groups which it 
possesses. So far as the evidence goes at present, indications point toward 
a close correlation between the number of chromosome groups and the 
degree of independence existing between genes, forms with larger circles 
having progenies which show very little or no splitting, those with smaller 
circles, and hence more chromosome groups, yielding progenies in which 
more segregation is found. Flower size factors have so far proved the only 
ones which do not fit in with this interpretation, for in some cases splitting 
occurs as to flower size, even where the chromosomes are all united into a 
single chain. Apart from this one exception, however, the trend of evi- 
dence is decidedly in favor of the chromosome cohesion theory (OEHLKERS 
1926, CLELAND and OEHLKERS 1929, 1930, Emerson 1929, 1931). Never- 
theless, the evidence is not yet as extensive as it should be, and further 
data are desirable. 

In each of the following complex-combinations mentioned above it will 
be observed that the chromosome configuration is such as to render pos- 
sible the degree of splitting found in the progeny of this hybrid, on the 
basis of the theory. The data from the crosses reported in this paper are 
therefore favorable to the chromosome cohesion theory of extensive geneti- 
cal linkage. 

rigens -"Hookeri deV. 


RENNER has shown that rigens and *Hookeri, when brought into union, 
are capable of exchanging certain genes. These genes are therefore no 
longer linked with the complexes to which they normally belong, but have 
become independent. Such a dissolution of a linkage bond is easily under- 
stood when we realize that in rigens -"Hookeri the chromosomes are associ- 
ated, not in one large circle, but in such a way as to form a circle of 6 
chromosomes and 4 pairs. As long as the chromosomes carrying certain 
rigens genes were associated into a single circle (as was the case in muri- 
cata), and were so placed within the circle that they always went to the 
same pole in the heterotypic anaphase, these genes were linked, genetically 
speaking. But when these same chromosomes became separated into dis- 
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tinct groups, then the genes carried by them were capable of independent 
assortment. In rigens-'Hookeri there are 5 independent chromosome 
groups, and there is therefore the possibility of 5 linkage groups. 

Hence, the fact that, in (muricataXHookeri deV.) rigens-"Hookeri, 
R-rigens and "Hookeri exchange R and r, P S;, and P s;,, Sp, and s,,, and 
probably certain flower size factors (RENNER 1925, p. 99), is in line with 
expectations on the basis of the chromosome cohesion theory, but scarcely 
to be understood on the assumption that their linkage in muricata proves 
them to lie in a single chromosome. 


curvans -*"Hookeri deV. 


RENNER reports (1925, p. 111) that the progeny of Hookeri-curva shows 
splitting in the case of a factor or factors for flower size, as well as the 
factor pair S,,, Sp. He found evidence of further splitting also, but this 
had not been completely analyzed at the time of this publication. 

Other forms which have shown a circle of 6, circle of 8 have bred true 
(with the possible exception of flower size), and have not shown splitting 
such as has been found to occur in the progeny of "Hookeri-curvans. How- 
ever, the situation in this hybrid is not comparable to that in the other 
forms which have so far shown the same configuration, for in this case we 
are dealing with an unbalanced lethal situation, whereas the other forms 
had balanced lethals. Since "Hookeri carries no lethals, it is safe to assume 
that the "Hookeri half of each circle in "Hookeri-curvans is lethal free. Just 
how many lethals there are in curvans we do not know. A lethal condition 
may exist in the curvans half of both circles, or only of one circle. If the 
former be the case, curvans:"Hookeri could presumably produce, upon 
self-pollination, 4 genotypes in the theoretical ratio of 4:2:2:1. If the 
latter be the actual situation, then we might expect 6 genotypes in the 
theoretical ratio of 4:2:2:2:1:1. In spite of the fact, therefore, that all 
of the chromosomes of this form are associated into circles, it is not only 
possible, but to be expected, that splitting, over and above the segregation 
of pure Hookeri, will occur in a progeny derived by self-pollination. 

I may point out in this connection that the Hookeri-curvae upon which 
RENNER’S breeding data are based may not have been in every case 
wholly typical from the standpoint of the gene complexes which they pos- 
sessed, although they may have had the chromosome configuration typical 
of Hookeri-curva. The published data in regard to splitting in the progeny 
of Hookeri-curva have been derived from the use of 2 Hookeri-curvae, (a) 
one obtained from the cross (r-Lamarckiana X Hookeri) r-laeia F; X muri- 
cata, and (b) the other from (suaveolens X Hookeri) flava X muricata. 
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Oe. (r-Lamarckiana X Hookeri) laeta has a circle of 10 and 2 pairs. If 
there are any heterozygous genes in the pairs in this hybrid, there is the 
possibility of independent assortment and consequent exchange of these 
genes from one complex to the other. This form, having an unbalanced 
lethal situation, will produce, if selfed, plants with 7 pairs, and plants 
with a circle of 10, the latter will repeat this behavior if selfed, and so on. 
(r-Lamarckiana X Hookeri) laeta F; should therefore have a circle of 10, 
and 2 pairs. With respect to the 4 chromosomes which form the two pairs, 
however, these may belong all to gaudens, or all to "Hookeri, or some to 
one, some to the other. Consequently there is at least the theoretical possi- 
bility that the "Hookeri which was united to curvans when (r-Lamarckiana 
X Hookeri) laeta F; was crossed with muricata had one or two gaudens 
chromosomes instead of the corresponding "Hookeri chromosomes. The 
two chromosomes which have the same arrangement of ends in gaudens 
and "Hookeri, and are therefore able to pair when these complexes are 
combined, are 1-2 and 5-6 (see CLELAND and BLAKESLEE 1931). 1-2 con- 
tains R, r and 5-6 contains S,. Since r-Lamarckiana was used rather than 
R-Lamarckiana in this pedigree and both "Hookeri and rigens carry r, there 
is no way of knowing whether the "Hookeri used in this cross was pure 
'Hookeri or not (all complexes involved carry S,). 

Oe. (suaveolens X Hookeri) flava has a circle of 4 and 5 pairs. Furthermore, 
RENNER has shown that "Hookeri-flavens and reciprocal give progenies 
which show a very complex splitting, and which do not include typical 
"Hookeri (1925, p. 103). It is quite likely, therefore, that any so-called 
*Hookeri produced by this hybrid would have one or more flavens chromo- 
somes in place of the corresponding "Hookeri chromosomes, and would not 
be an altogether typical "Hookeri. Consequently, it is altogether probable 
that the ““Hookeri” which united with a curvans complex in (suaveolens 
X Hookeri) flava Xmuricata was really a mixture of "Hookeri and flavens 
genes. 

RENNER also mentions having obtained Hookeri-curvae in other ways. 
Thus, they have been obtained as metaclines in the cross muricata X Hookeri 
(1925, p. 108). Here, the hybrid obtained should contain pure *Hookeri 
and pure curvans. They have also been obtained from the cross (R-muri- 
cata X Hookeri) rigens -"Hookeri X R-muricata (with r-curvans pollen) (1925, 
p. 109). In this case, there is the possibility that the "Hookeri eggs which 
functioned contained one or more rigens chromosomes, for rigens -"Hookeri 
has a circle of 6 and 4 pairs. It is not surprising therefore to find that the 
Hookeri-curvae obtained from this cross were not uniform but included 18 
Sir, R; 18 Su, 7; 16 Ser, R; and 21 s,,, r. The R and s,, found in the eggs 
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came in this case from rigens, so that the presence of R and the absence of 
Si, in some of the Hookeri-curvae show that an interchange had occurred 
between rigens and *Hookeri, probably due to the transfer of whole chromo- 
somes from one complex to the other. 

Once again a Hookeri-curva was obtained from the cross M-flava (flavens - 
'Hookeri) Xr-muricata (1925, p. 111). In this case it is impossible to make 
any statement with regard to the purity of the flavens complex involved 
inasmuch as we do not know the chromosome configurations of most of 
the complex-combinations which form a part of its complicated pedigreed 
history, including flavens-curvans.2, We can state, however, that the 
chances are strong that flavens -"Hookeri, with its circle of 4 and 5 pairs, 
will have passed on "Hookeri complexes which were contaminated with 
flavens chromosomes, and that the resultant Hookeri-curvae did not contain 
pure "Hookeri. The chromosome configuration of flavens-curvans is said 
to be a circle of 12 and one pair (RENNER 1928). It is possible that the 
flavens which became associated with *Hookeri in this pedigree possessed 
one curvans chromosome, so that the "Hookeri complex which was re- 
ceived into Hookeri-curva from flavens-*Hookeri may have contained a 
curvans as well as flavens chromosomes. It is not surprising, therefore, to 
find that RENNER obtained some Hookeri-curva plants in this case with 
broad leaves (a flavens characteristic) and some with no red papillae on 
the stem (also a flavens characteristic). 

I do not point out these facts because there is reason to believe that 
the chromosome configurations of the various Hookeri-curvae have been 
altered, with consequent alteration in the amount of splitting to be ex- 
pected from them. On the contrary, there is reason to think that all of 
these Hookeri-curvae, however derived, may have had the same chromo- 
some configuration. My purpose is rather to call attention to the possi- 
bilities of contamination when complexes are obtained from hybrids which 
have paired chromosomes, and the consequent necessity of knowing the 
chromosome configuration of hybrids before it is assumed that they are 
capable of passing on their complexes unaltered. 


rigens - flavens 
RENNER has pointed out (1925, p. 58) that rigens-flavens gives rise to 
progenies which show splitting in respect to the factors, J.:, x and P, p. 
In view of the fact that it possesses 4 independent chromosome groups, 
it is not surprising to find splitting in the progeny of this form. 


2 ([([(muricataX Lamarckiana) rigens - velansXmuricata] velans -curvans X R-biennis) curvans: 
R-rubens X suaveolens] curvans : flavens X Hookeri) flavens - "Hookeri Xr-muricata. 
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grandiflora B-*franciscana Sh. 


S. H. Emerson (1929) has made a study of certain characters in crosses 
between grandiflora and franciscana, and has described the situation in F, 
in detail. He has pointed out that the F;, shows a high degree of variation 
in respect to most of these characters, the evidence pointing to the pres- 
ence of a number of independently segregating multiple factors. This 
author relates the presence of so many independent factors to the pres- 
ence of independently paired chromosomes, as contrasted with the situa- 
tion in many species crosses in Oenothera, where a large number of charac- 
teristics are inherited in blocs, and where the chromosomes are found in 
chains in F;. The correlation which this author suggests between the de- 
gree of pairing of chromosomes, and the degree of independence between 
factors, is the same as that suggested independently by CLELAND and 
OEHLKERS (1929). 

My own F; culture of this cross was not nearly so extensive as that of 
EMERSON. It was grown in 1929 in order to test the degree of splitting 
present in the progeny of a hybrid possessing 6 independent chromosome 
groups. As far as the data go, they confirm EmMerson’s findings entirely. 


1929:15 Oc. (grandiflora B. Xfranciscana Sh.) Xs. 
(1925:6, pl. 3Xs.) 


Germination was poor, only 35 out of 100 seeds producing seedlings. 
Of these, 34 were transferred to soil, but only 22 came up. Five of these 
had trouble with their seed coats, others were backward, with yellowish 
cotyledon bases. When it was time to set the plants out into the field, the 
situation was as follows: 


one with broad, slightly toothed to entire, bright green leaves 
one with narrower, decidedly toothed, bright green leaves 
pee with broad, decidedly toothed leaves, yellowish at base 
one with narrower, decidedly toothed leaves, yellowish at base 
2 cripples, with forked leaves, and 2 growing points 
1 small green plant, with broad leaves 
4 fairly large, semi-chlorotic plants 
4 fairly large, chlorotic plants 
2 very small chlorotic plants. 
The remaining plants had died. 


4 large plants 


Ten of the healthiest plants were transferred to the field, of which the 
weakest one died. As the rest matured, no two of the plants were alike. 
In fact, it would be difficult to imagine a more varied assembly than was 
present in this small culture. Records were made in the case of several 
characteristics, as follows: 
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HABIT 


Plants 1, 2, 5. Large and bushy, with well-developed central shoot and semi-erect side 
branches. 

Plants 3, 8, 9. Rosette branches more spreading, nearly horizontal, relatively small. Central 
shoot prominent. 

Plant 4. Rosette branches prostrate, central shoot reduced. 

Plant 7. Rosette branches prostrate, about 1 m long. No central shoot. The whole plant lay 
flat on the ground. 

Plant 6. Remained rosette. 


FOLIAGE 

Plant 1. Leaves wavy margined, slightly crinkled, dark green. 

Plant 2. Leaves perfectly flat. Light green. 

Plant 3. Leaves shallowly toothed, light green. 

Plant 4. Leaves very narrow, troughed, dark green. 

Plant 5. Leaves narrow but large, rather crinkled and wavy, dark green. 

Plants 6, 7. Leaves broad, slightly crinkled, deeply toothed, light green. Others not recorded. 

STEM 

Diffuse color varied from deep red in plants 2 and 5 to scarcely a trace in plant 4. Color of 
tip red in all but 4. Red papillae present in all which flowered, the number varying with pubes- 
cence, which was heavy in some, sparse in others. In plant 3, hairs withered near the tip, so that 
stem tips became essentially glabrous. 


BUDS 
Plants 1, 2. Like franciscana in shape, size, color, but much hairier. Red papillae on ovary. 
Plant 3. More like grandiflora, except for diffuse color, which was evenly distributed over the 
cone. Sepals sparsely hairy, tips long and delicate, no red papillae on the glabrous ovary. 
Plant 4. Perfectly green, slender, more or less twisted, large, hairy, no red papillae. 
Plant 5. Small, slender, with diffuse red on sepals and red papillae on ovary. 
Plants 7, 8. Like plant 3, except for a few hairs, and red papillae on ovary. 
FLOWER COLOR 


Plant 5 had practically pure sulfur color. Plant 2 had light yellow flowers, approaching sulfur. 
In plant 4, certain stems bore sulfur-like flowers, and others bore deeper yellow. The rest of the 
plants had deep yellow flowers. 


While the culture was of course too small to be of any value from the 
standpoint of genetic analysis, nevertheless it does serve the purpose for 
which it was grown, namely, to determine whether there was any segrega- 
tion in the progeny of a hybrid with mostly paired chromosomes. There 
can be no doubt, both from EmMEerson’s data and from the above, that an 
abundance of segregation occurs during the maturation of the germ cells 
of this particular hybrid. This is in line with the chromosome cohesion hy- 
pothesis, inasmuch as the F; has 6 independent chromosome groups. 

Since neither of the complexes making up the F; had a lethal, we 
would not expect the plants of the F; generation to breed true with re- 
spect to the presence of the circle of 4. Upon self-pollination, 50 percent of 
the progeny should have a circle of 4, and 50 percent should have 7 pairs, 
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barring further segmental interchange. Only 2 plants were examined cyto- 
logically (numbers 7 and 9). Both had a circle of 4, and 5 pairs. From plant 
7, 16 complete cells were observed, and from 9, 18 cells. 


albicans -*franciscana 


This combination has a circle of 14. Both Davis (1916) and DE VRIES 
(1918) have described the F; as uniform, except that Davis has noted a 
considerable variation in flower size. Theoretically, there should be two 
types in F:, a type like F; (albicans -*franciscana), and pure franciscana. 
HoEpPENER and RENNER (1929), however, have shown that albicans eggs 
are almost entirely suppressed by “franciscana in this combination; hence 
the only form produced as a rule in F» is franciscana. Apparently, the fran- 
ciscana so formed is pure and uncontaminated by albicans genes, except 
possibly for flower size factors. The complexes are therefore passed to the 
germ cells essentially intact in F;, as should be the case with a circle of 14 
present. That flower size behaves independently of the chromosome con- 
figuration is already well known. 


gaudens - "franciscana 


This combination has a circle of 10 and 2 pairs. According to DE VRIES 
(1918) this hybrid splits into 2 main types, which are no doubt gaudens- 
‘franciscana and "franciscana -*franciscana. This is to be expected in view 
of the alethal nature of "franciscana. The absence or near absence of split- 
ting apart from this is in keeping with the fact that the hybrid has a circle 
of 10 chromosomes. 

velans - *franciscana 


This combination has a circle of 4 and 5 pairs. According to DE VRIES 
(1918) this hybrid breeds essentially true. This conclusion is apparently 
due to the genetical similarity between velans and "franciscana. RENNER 
has shown (1925, p. 97) that velans and *Hookeri are so closely related, 
that is, have so many genes in common, that it has been impossible as yet 
to detect with certainty the occurrence of exchange of factors between the 
two complexes. Since “franciscana is very similar to "Hookeri, it is probable 
that it too is very similar to velams, and hence one would not be surprised 
to find that an exchange of factors between "franciscana and velans had 
not been detected in spite of the presence of 6 independent chromosome 
groups. 

This concludes the list of complex combinations dealt with in this pa- 
per, whose chromosome configurations and whose breeding behavior are 
both known. There remain to be considered three complex-combinations 
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whose breeding behaviors have been described but whose chromosome con- 
figurations have not as yet been determined. They are three of those whose 
configurations have been predicted as the result of data presented in this 
paper (see table 1 for predictions). 


acuens -*franciscana 


The predicted configuration is 2 circles of 4 and 3 pairs. This configura- 
tion would give the opportunity for a considerable degree of factor-ex- 
change, the detection of which would depend upon the number of gene dif- 
ferences affecting visible characters. According to DE VRIES (1918), the F; 
of this hybrid splits into two types which repeat the two types found in 
F, of this cross (grandiflora de V.Xfranciscana de V.). It is impossible to 
understand, however, how a éruncata can appear in the progeny of an 
acuens -"franciscana. Since DE VRIES’ observations were made before the 
concept of complex-heterozygosis afforded a key to Oenothera problems, 
and since his results are at variance with the results obtained by CLELAND 
and OEHLKERS (1930) for the corresponding Hookeri cross, his observations 
should be checked. The corresponding acuens-"*Hookeri yields a progeny 
which splits independently in respect to at least 4 factors, and one would 
therefore expect to find splitting in the progeny of acuens -"franciscana as 
well. 

truncans -*franciscana 


This combination should have a circle of 14 as its configuration. DE 
Vries (1918) has reported that this form breeds true in the main, though 
with variations in minor characters, including flower size. His failure to 
obtain franciscana segregates in F; is not according to expectation, inas- 
much as the corresponding ¢runcans -*"Hookeri yields them in large numbers 
(CLELAND and OEHLKERS 1930, p. 40). The presence of variation in char- 
acters other than flower size is also unexpected, since the progeny of trun- 
cans -"Hookeri shows no factorial splitting except in flower size. Whether 
there is actually as great a divergence in the behavior of "franciscana and 
*Hookert when combined with truncans as appears from a comparison of 
DE VRIES’ results with those of CLELAND and OEHLKERs is doubtful. With 
the probable exception of flower size, we should expect the progeny of 
truncans -*franciscana to show no factorial splitting. 


rubens - "franciscana 


This combination should have a circle of 10 and 2 pairs. DE VRIEs reports 
(1918) the splitting into two main types in F2, with minor variations. 
Davis also found two main classes (1916). HOEPPENER and RENNER (1929, 
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p. 57) state that exchange may occur independently from one complex to 
the other in respect to 3 factors, C,, R and S,. With only 2 independent 
pairs of chromosomes, the presence of 3 factor pairs independent of the 
complex is not what one would expect. However, one of these is flower size, 
which is the one factor which is known to act independently of chromosome 
behavior. Whenever we have found one more linkage group than there 
were chromosome groups, C, or an equivalent factor for flower size is one 
of the independent factors involved. 

In summary, it may be said that, except for splitting in flower size, the 
F; of hybrids whose breeding behavior has been determined subsequent to 
the development of the concept of complex-heterozygosity behave in a 
manner which conforms to the type of chromosome configuration possessed 
by F;. There is not so close an agreement in the case of acuens - *franciscana 
and truncans-"franciscana, whose breeding behavior was studied without 
the benefit of this concept. However, the discrepancy between the breeding 
behavior of these forms, and that of the closely allied acuens -*Hookeri and 
truncans -*Hookeri, together with the fact that the latter show a behavior in 
conformity with the chromosome configurations which they possess, sug- 
gests that a re-study of the two franciscana hybrids will disclose a behavior 
which is also in agreement with chromosome configuration. 

In general, therefore, the data derived from a study of certain of the 
forms included in this paper are in support of the theory that chromosome 
cohesion in Oenothera is responsible for the linking of genes which reside 
in different chromosomes, and consequently for the existence of the REN- 
NER complex. 


The cause of chromosome cohesion 


When Oenothera species are crossed, the hybrids which are formed have 
characteristic and constant chromosome configurations in meiosis. In some 
cases all of the chromosomes are united end to end to form circles; in others 
some chromosomes are thus united, and some are paired. If the association 
of chromosomes in meiosis is a result of the association of homologous 
parts of chromosomes, then it must be that not all the chromosomes con- 
tributed by the two parents of a circle-bearing hybrid have had the same 
arrangement of homologous parts (see HAKANSSON 1928, 1930, DARLING- 
TON 1929, 1931, Emerson 1931, CLELAND and BLAKESLEE 1930, 1931). 
Portions of a given chromosome from one parent must have been homolo- 
gous with parts of 2 separate chromosomes from the other parent; else this 
chromosome would not have united at one end to one chromosome and at 
the other end to another chromosome from the other parent. 
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If then we are ready to assume that the association of chromosomes in 
meiosis is a result of the association of homologous parts, we are forced to 
the conclusion that homologous parts are differently distributed among the 
chromosomes in the various genetic complexes in Oenothera, at least as far 
as the ends of the chromosomes are concerned (we do not know as yet how 
far back from the ends of the chromosomes these differences in arrange- 
ment go). Each complex has its own characteristic and specific arrange- 
ment of homologous end parts, and thus must give with every other 
complex a definite and predictable chromosome configuration. The fact, 
however, that each complex has its own specific arrangement of ends, which 
is different from that of other complexes, can be understood only on the 
assumption of an antecedent occurrence of mutual exchanges of segments 
between originally homologous chromosomes. At least such a process of 
interchange is a logical necessity unless we are prepared to argue for a 
polyphyletic origin of the genus, or for the doctrine of Special Creation. 
DARLINGTON’S criticism (1931, p. 467), therefore, of CLELAND and BLAKEs- 
LEE’s predictions as to chromosome behavior, based (according to these 
authors) upon the segmental interchange theory, on the ground that their 
arguments bore only on the question of specificity and not upon the ques- 
tion of segmental interchange, is invalid, for such specificity of end ar- 
rangement as is proved by successful prediction of chromosome configura- 
tions could have come about only through segmental interchange, and, 
consequently, proof of specificity constitutes at the same time proof of 
segmental interchange. 

CLELAND and BLAKESLEE (1930, 1931) were able to show in the case of 
4 hybrids that the chromosome configuration possessed by each of them 
was the only one possible on the basis of the segmental interchange theory. 
This constituted an actual proof of the validity of the theory as applied to 
Oenothera. It would be well, however, to considerably amplify this type 
of evidence before the theory is considered as definitely established in the 
case of Oenothera. Additional evidence is furnished in connection with cer- 
tain of the forms dealt with in this paper. 

It has been shown above that both “franciscana de V. and "franciscana 
Sh. give 7 pairs in association with *Hookeri de V. This means, on the basis 
of the theory, that the chromosome sets comprising these complexes are 
identical with respect to the way in which end segments are distributed. 
Each chromosome of "“franciscana has the same ends as a corresponding 
chromosome of *Hookeri, and therefore will pair with it; and the formula 
for the end arrangement of "franciscana will be the same as that for *Hook- 
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ert ("Hookeri has been given the formula 1:2 3-4 5-6 7-8 9-10 11-12 
13-14). Since, then, *franciscana has the same chromosomes as *Hookeri, 
with respect to end arrangement, it should give the same configuration as 
*Hookeri, when brought into association with a third complex. It is there- 
fore possible to make the following general prediction with reference to the 
chromosome configurations to be expected in hybrids of franciscana, as- 
suming that homologous ends unite in diakinesis: hybrids involving *fran- 
ciscana deV. and "franciscana Sh. will be found to have identically the same 
chromosome configurations as corresponding hybrids involving "Hookeri deV. 
On the strength of this general prediction, 11 specific predictions with re- 
gard to particular franciscana hybrids may be made at the present time, 
inasmuch as the configurations of that many *Hookeri crosses are now 
known, and the corresponding “franciscana crosses are certain to have the 
same configurations as these. These specific predictions are listed in table 1. 


TABLE 1 


Chromosome configurations, predicted and actual, in hybrids of franciscana Sh. and franciscana deV . 














HYBRID PREDICTED CONFIGURATION ACTUAL CONFIGURATION 
acuens -* franciscana 20s of 4, 3 pairs ? 
albicans : *franciscana © 14 © 14 
excellens -*franciscana © 4, 5 pairs ? 
flavens - *franciscana © 4, 5 pairs © 4, 5 pairs 
gaudens - *franciscana © 10, 2 pairs © 10, 2 pairs 
rigens - franciscana © 6, 4 pairs © 6, 4 pairs 
rubens - franciscana © 10, 2 pairs ? 
truncans - "franciscana © 14 ? 
velans - franciscana © 4, 5 pairs © 4, 5 pairs 
curvans - *franciscana © 6,08 © 6,08 
Mranciscana: punctulans © 10, 2 pairs r 





It has not been possible as yet, nor perhaps is it necessary, to test all of 
the predictions contained in this table. But 6 hybrids in the list have been 
examined cytologically, as recorded in the descriptive section of this paper. 
In all 6 cases, the configuration actually possessed by the hybrid is the one 
which was predicted. (It may be well to call attention to the fact that these 
were all real predictions. The first crosses examined cytologically in the fall 
of 1930 were those between franciscana and Hookeri, which were all found 
to have 7 pairs. The above predictions were then made. All of the tests 
were made subsequent to the predictions so that the results constitute an 
actual confirmation of bona fide predictions.) 

These successful predictions, taken together with the 4 previously re- 
ported by CLELAND and BLAKESLEE, furnish a highly significant body of 
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proof for the segmental interchange theory as applied to Oenothera. So far 
no failures but rather 10 consecutive successes have resulted from attempts 
to predict chromosome configurations on the basis of this theory. Further- 
more, STURTEVANT and EMERSON have had a like degree of success in mak- 
ing predictions (private correspondence). When we consider that definitive 
predictions as to chromosome configuration cannot be made except on the 
basis of segmental interchange, such uniform success in prediction makes 
it possible to accept the segmental interchange theory, as applied to Oe- 
nothera, with a considerable degree of assurance. 


SUMMARY 


Field and cytological data are presented bearing upon a number of hy- 
brids of the following species or strains of Oenothera: muricata, Hookeri 
deV., r-Lamarckiana, suaveolens, grandiflora deV., franciscana deV., and 
franciscana Sh. These data are discussed in relation to two problems of 
Oenothera research: 


The genetical effect of chromosome cohesion in Oenothera 


The breeding behavior of a number of hybrids discussed in this paper is 
known. In all of these in which genetical behavior has been determined 
subsequent to the formulation of the concept of complex-heterozygosity 
the degree of splitting in F; is comparable to the number of independent 
chromosome groups in F,. Hybrids with few chromosome groups give little 
splitting in F2, and vice versa. Flower size continues to be an exception to 
the rule, inasmuch as some of these hybrids show splitting in respect to 
this factor in spite of the presence of a chromosome arrangement which 
would seem to preclude it. In 2 cases where breeding behavior was de- 
scribed prior to the formulation of the concept of complex-heterozygosity 
there appears to be less of a correlation between genetical and cytological 
behavior. Such cases should be re-investigated. On the whole, however, the 
correspondence between genetical and cytological behavior in the hybrids 
considered in this paper is such as to furnish positive evidence in favor of 
the chromosome cohesion theory of extensive genetical linkage in Oeno- 
thera. 


The cause of chromosome cohesion 


It has been possible successfully to predict in advance the chromosome 
configuration of 6 of the hybrids under consideration, reasoning upon the 
basis of segmental interchange. This, together with previous results, makes 
a total of 10 published cases in which definite predictions have been made. 
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As yet no failures have been recorded. The uniformity with which success- 
ful predictions have been made, together with the impossibility of making 
definitive predictions on any other basis, makes it strongly probable that 
circle formation in Oenothera has come about through the process of seg- 
mental interchange. 

Note: Since completion of this manuscript, three papers by StURTEVANT 
and EMERSON have come to hand. In these further predictions will be 
found, some of which have been verified by the authors. The evidence for 
segmental interchange is thus augmented still further. These papers are 
listed below. 
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INTRODUCTION 


The question as to how far growth factors act generally and how far 
locally is of interest both in relation to problems of evolution and in con- 
nection with the physiology of gene action. Widely different views continue 
to be expressed. CASTLE (1914, 1922, 1923, 1924a, 1924b, 1929) has main- 
tained that differences in size within a species are due practically wholly to 
general factors. He recognizes the existence of genes which act locally such 
as those which determine short ears in mice and in sheep, but considers 
such genes as of negligible importance in determining general size. He also 
recognizes that body form is to some extent a function of size, holding that 
factors which are general in action need not determine the same rate of 
growth in all parts, that is, that there are growth relations of the sort 
which Huxtey terms heterogonic. CASTLE (1922) has supported this view- 
point by demonstration of high correlations between measurements from 
rabbit populations including the F, from a cross between strains of which 
one was more than two and a half times as heavy as the other. 

CASTLE’s first statement (1914) was based on the high correlations in a 
series of measurements of rabbit bones made by MAcDow.E Lt. A few years 
later (1918), I attempted an analysis of the same data by a special method 
which it is the purpose of the present paper to develop. It may be noted 
here that this analysis confirmed CAsTLz£’s interpretation to the extent 
that factors for general size were indicated to be much the most important 
in determining the size of each part (and a fortiore of general size) but also 
indicated the existence of factors (not necessarily genetic) with various de- 
grees of localization of effect. 
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DAVENPORT (1917) from a study of human data reached conclusions 
considerably at variance with those of CastLE: “The conclusion that fol- 
lows from a consideration of these data is that general factors control 
growth to a degree that may be estimated at less than half. On the other 
hand, special factors are present that control independently the growth of 
the various elements that go to make up stature.” SUMNER (1923, 1924) 
found a somewhat similar situation on analyzing data from large local col- 
lections of subspecies of Peromyscus maniculatus. A more extreme mosaic 
viewpoint with respect to growth was expressed by MJoEN (1923) who con- 
cluded that crosses between strains (rabbits, men) differing in size were 
likely to yield serious disharmonies in F2, as a consequence of independent 
segregation of locally acting growth factors. 

It is agreed by most authors that the results of crosses between ordi- 
nary strains of different size give evidence of Mendelian heredity but re- 
quire the assumption of multiple factors. CAsTLE (1929) has been inclined 
recently to question the applicability of this scheme, on the basis of the 
absence of demonstrable linkage with color factors in a cross between va- 
rieties of rabbits of widely different size. GREEN (1931b), however, has 
presented evidence for such linkage in a cross between the common mouse 
(Mus musculus) and the small related species (Mus bactrianus) in which 
the former introduced 3 recessive factors, represented by dominants in the 
latter. The same data gave evidence for important group (as opposed to 
general) factors in that one of the recessive color factors (brown) showed 
linkage with large size of the leg bones and body length, but not with head 
and tail measurements, while another showed such linkage only with body 
and tail lengths. CASTLE and Grecory (1929, 1931) have given data on 
the mode of action of the general factors which distinguish large and small 
strains of rabbits. They find that while these breeds produce eggs of the 
same size, a difference in the rate of growth and division is recognizable as 
early as the 8 to 16 cell stage and continues from that time without affect- 
ing the rate of differentiation. 


METHOD OF ANALYSIS 


As there is general agreement on at least the existence of growth factors 
with various modes of action, it would seem that further progress must de- 
pend on quantitative evaluations of their relative importance in repre- 
sentative cases. As noted above, I attempted a number of years ago (1918) 
to make such an evaluation of a system of correlation coefficients relating 
to rabbit bones, using data published by CastLe. The method followed 
was that of path coefficients. The results were expressed in terms of the 
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portion of the squared standard deviation of each measurement, due to 
each kind of factor: general, group or special. (In this analysis, factor is not 
to be understood as synonymous with gene. By the general factor is meant 
the entire array of factors, environmental as well as genetic, which have a 
general effect on growth. The group factors and special factors are to be 
interpreted similarly. The question of the apportionment of these into ge- 
netic and environmental components is discussed later.) The method did 
not yield a unique result, but merely certain limits and the final figures 
were obtained by a somewhat unsatisfactory process of averaging. The 
purpose of the present paper is to show the application of a slight modifica- 
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tion of this approach. The method of least squares is used to determine a 
system of path coefficients relating each measurement to a single general 
factor in such a way that the observed correlations will be accounted for 
with the least possible residual. These residuals if of significance are then 
used in estimating the degree of determination of each measurement by 
group factors. 

Let A,B,C,D, and E stand for the different parts of the animal for which 
series of measurements are available. The path coefficients measuring the 
variability due in each case to the general factor G (in terms of the stand- 
ard deviation of the dependent variable) are represented by appropriate 
small letters, a=pac, b=pze, etc. As each variable is related to G along 
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only one indicated path, each path coefficient is identical in value with the 
correlation between the variable in question and the general factor. The 
correlation between any two of the variables is simply the product of the 
two path coefficients, measuring the relations of each to the general factor, 
in so far as it is determined by the latter. Thus if G is the only common fac- 
tor in the growth of A and B, rag=ab. If on the other hand, there is some 
other common factor, contributing to the correlation between certain of 
the variables, as H is represented as doing in the case of D and E, there is 
an additional term in the correlation: rpe=de+d’e’; where d’=popu, 
e’=pen. Our purpose is to find the values of the coefficients pertaining to 
G which will account as completely as possible for the observed correlation 
and thus will give the maximum estimate of determination by general fac- 
tors and the minimum by group and special factors. 

If there are n variables, n(n—1)/2 correlation coefficients can be calcu- 
lated, giving this number of observation equations of the type, ab=ras. 
No solution is possible with only two variables (one equation). With three 
variables, yielding three equations, an exact solution is always formally pos- 
sible, although if one of the unknowns comes out greater than unity, the 
interpretation as the correlation with the general factor becomes impos- 
sible. With more than three variables, the number of observation equations 
is greater than the number of unknown path coefficients. A solution with- 
out significant residuals, after fitting by least squares, is at least suggestive 
of complete dependence of the correlations on general factors, while the ap- 
pearance of significant residuals demonstrates the existence of secondary 
group factors and indicates something of their nature. 

For ready application of the method of least squares, the unknown quan- 
tities in the observation equations must be separated. One obvious method 
of doing this in the present case is by the use of logarithms, writing the ob- 
servation equations 

log a + log b = log raz, etc. 

Unfortunately the logarithmic transformation expands differences be- 
tween small correlations and contracts differences between larger ones and 
the application of the method of least squares would give an unduly good 
fit to the former at the expense of the latter. Actually, the large correla- 
tions have the smaller standard errors and should be given more weight in 
fitting. R. A. FIsHER gives a transformation of the correlation coefficient 
with approximately uniform standard errors at all values but this does not 
give a separation of the unknowns. The method followed, capable doubt- 
less of some improvement by proper weighing, has been to fit the untrans- 
formed correlations by the trial and error method. Assume that fairly good 
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first estimates can be made of the path coefficients, a; for a, b; for b, 
etc. and write a=a,+Aa,, etc. The small errors, Aa;, Ab;, etc., are now the 
unknown quantities which are to be determined. 
(ay = Aa;)(b; 5 ls Ab;) = TAB 
b;Aa; + a,Ab; = rag — aib; approximately. 

The separation of Aa; and Ab; is accomplished by ignoring the product 
term Aa,Ab; which is of the second order of smallness. The solution will be 
slightly in error, but, on repetition of the process, the error should be re- 
duced to negligible proportions. 


7. ; 
A first estimate of the ratio — can be obtained by averaging the ratios 
ai 


rpc Tap TBE . be be ¢ : 
—,—,— since these equal —,— and — respectively, if wholly de- 
Tac Tap TAE ac ad ae 


pendent on the general factor. The ratios * a etc. can be estimated sim- 
1 1 

ilarly. bi, ci, di, etc. having been expressed in terms of ai, all of the observa- 
tion equations can be expressed in terms of a,”. Addition of these equations 
yields a solution for a; and consequently for bi, c:, etc. The first corrections, 
Aa,, Ab;, etc., can now be found from the normal equations written in the 
usual way. The latter take a form yielding immediate solution for each of 
the other corrections in terms of Aa; which can then be determined by sub- 
stitution in one of the equations. 


ANALYSIS OF A RABBIT POPULATION 


It will be desirable at this point to introduce actual data. We will use the 
same system of rabbit measurements analyzed in the previous paper. Table 


TABLE 1 
Statistics of 5 bone measurements in population of about 370 rabbits (F, of a cross of black and tan 
with Polish and backcross of F, to the Polish). Basic data of MACDOWELL (1914), mean and standard 
deviation (SD) (both in mm) given by CASTLE (1914), C, coefficient of variation; p, path coefficient re- 
lating measurement to general factor; pC, percentage regression on general factor (in arbitrary units). 








MEAN sD Cc Pp pC 
L (length of skull) 73.0 3.6 4.93 .846 4.17 
B (breadth of skull) 40.0 t7 4.25 .775 3.30 
H (humerus) 66.0 2.6 3.94 .897 3.53 
F (femur) 82.8 ke | 3.74 -930 3.48 
T (tibia) 96.0 3.4 3.54 .875 3.10 
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1 gives the mean, standard deviation (SD) and coefficient of variation (C) 
of the 5 rabbit bones as given by CAsTLE. The next column (p) shows the 
least square determination of the path coefficients, relating these parts to 
the general factor, which will best account for the correlation coefficients. 
The latter are given in table 2 followed by the values estimated as due to 


TABLE 2 
Analysis of correlations (published by CastLte 1914) between measurements of MAcDOWELL’s 
rabbits (table 1): r, correlation coefficients; pigpog, contribution of maximized general factor to corre- 
lation (products of p’s of table 1); A, differences of preceding, the squares of which are minimized; 
ri2g partial correlations with maximized general factor; p'igp'xg=(0.945 pigpho); contribution 
of general factor, reduced to eliminate spurious negative contributions; A‘, revised differences; r'12.G, 
revised partial correlations. 








r Plg pec A T12.G | P'1GP’2G a’ r'12.G 
L-B 0.750 0.656 +0.094 +0.28 0.626 +0.124 +0.34 
L-H 0.743 0.759 —0.016 —0.07 0.724 +0.019 +0.07 
L-F 0.760 0.787 —0.027 —0.14 0.751 +0.009 +0.04 
L-T 0.701 0.740 —0.039 —0.15 0.706 —0.005 —0.02 
B-H 0.675 0.695 —0.020 —0.07 0.663 +0.012 +0.04 
B-F 0.674 0.721 —0.047 —0.20 0.688 —0.014 —0.05 
B-T 0.658 0.678 —0.020 —0.07 0.647 +0.011 +0.03 
H-F 0.857 0.834 +0.023 +0.14 0.796 +0.061 +0.30 
H-T 0.791 0.785 +0 .006 +0.03 0.749 +0.042 +0.17 
F-T 0.858 0.815 +0.044 +0.25 0.777 +0.081 +0.38 


























the general factor (that is, the products of the path coefficients taken in 
the appropriate pairs). Evidently no single factor can account for the 10 
correlations exactly. The differences, minimized by this method, are given 
in the next column. The correlation between length and breadth of skull 
shows the greatest excess (+.094) over that which can be due to the gen- 
eral factor. The correlations between the long bones show some excess al- 
though that between humerus and tibia is practically zero. The correlations 
between skull measures and leg measures are all in defect. The method of 
calculation is such that positive and negative differences must balance each 
other. We will return to the interpretation of these negative differences 
presently. 

The significance of these differences can perhaps be appreciated best by 
calculating the partial correlations for constant general size. The formula 
in the case of rrp-c is 


TLB—ILcrsc ttB—lb 





TLB-G = 





V(i—rie)(1—rsc)  VUA—1)(1—b?) 
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of which the numerator is the difference just calculated. The values are 
given under the heading rj2.c. 

The number of measurements was between 370 and 380, giving a stand- 
ard error of 0.05 or less for ordinary partial correlation coefficients. The 
standard errors of coefficients based on minimized residuals should be 
smaller. With at least six of the ten partial correlations exceeding twice 
their standard errors, there can be no doubt of the reality of residual con- 
tributions to the primary correlations. The three positive correlations in- 
dicate group factors which seem reasonable enough and are quite in agree- 
ment with the earlier analysis. Clearly length and breadth of the skull vary 
together to some extent, independently of general size (r.3.g =0.28). The 
same is true of the bones of the hind leg (rpz.g =0.25) and probably of the 
proximal long bones of the fore and hind legs (ryp.g =0.14). 

The negative correlations require some interpretation. To some extent, 
excessive growth in one part may interfere with growth in other parts 
which would tend to create negative correlations with the latter. For the 
most part, however, the negative residual correlations are undoubtedly 
spurious from the physiological standpoint. They are merely a necessary 
consequence of the process of minimizing the residuals. The partial cor- 
relations are those which one would expect in a hypothetical population in 
which all rabbits were selected as identical in the general size index. The 
existence of any variability, independent of general size, would require that 
in these animals parts which happened to be above the average must nec- 
essarily be balanced by other parts below the average, merely by the act 
of selection. Putting it in another way, if there are both factors with a 
physiological effect on all parts and also ones acting on special parts, a pop- 
ulation in which the former were constant would still vary in any chosen 
general size index because of the independent variability of the latter 
group. Thus the process of minimizing the squared residuals necessarily 
assigns too much to the general factor. The figures become more intelligible 
physiologically if the path coefficients are all proportionately reduced by 
the slight amount necessary to avoid significant negative residuals. The 
average of the four observed correlations between the head and the hind 
leg measures is 0.698 while the corresponding calculated values average 
0.732. By multiplying all calculated values by the ratio 0.698/0.732 =0.954, 
equivalent to multiplying each of the five path coefficients by 0.977 
(=+/0.954) the spurious negative residuals are practically eliminated. The 
revised correlations due to the general factor, the revised residuals, and the 
revised partial correlations are shown in the last three columns of table 2. 
These probably give a fairer idea of the importance of group factors than 
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the preceding set. The residual of the correlation betw« ength (L) end 
breadth (B) of skull indicates that common factors not <i ecting the legs 
contributed +0.124 to the total correlation between these skull measures. 
Letting |’ and b’ be the path coefficients relating L and B respectively to 
the indicated common head factor, l’b’ =0.124. The portion cf the variance 
of L determined by this common factor is 1’? and of B is b’*. If these be 
assumed equal, they both equal |’b’, giving 12 percent as the estimate of 
the portion of the variance of each, determined by this factor. However, 
more of the variance of L.is determined by the general factor than in the 
case of B, leaving less to be determined by other factors. It is, perhaps, 
better to assume that the same proportion of the residual variance is de- 
termined by the common head factor. An estimate of this proportion can 
be obtained by applying the partial correlation for constant general factor 
to the proportion of the variance left on subtracting that due to the general 
factor. In the case of L this gives 11 percent (=0.34 0.32) as due to the 
head factor and in the case of B 15 percent (0.34 X0.43). The two methods 
are identical if the variables are equally determined by the general factor. 


GENERAL GROUP GROUP SPECIAL 
Length of Skull (L) 68 11 (head) 21 
Breadth of Skull (B) 57 15 (head) 28 
Humerus (H) 77 4 (legs) 3 (proximal) 16 
Femur (F) 83 3 (legs) 2 (proximal) 9 
3 (hind leg) 
Tibia (T) 73 5 (legs) 5 (hind leg) 17 


These estimates differ somewhat from those reached in the previous pa- 
per, but the differences are largely formal. In that paper, the skull measures 
were given more weight and the leg measures less in the conception of gen- 
eral size. Thus some of the variability assigned here to the head group was 
assigned to the general factor, but this necessarily involved the assignment 
of more influence to the leg group and less to the general factor in the case 
of the legs. The conception of general size given by this method is of course 
a function of the variables selected. If a large number of head measures 
were used and little else, the former would have undue weight and vice 
versa. This relativity of the conception of general size must be borne in 
mind in interpreting all of the results. 


HETEROGONIC GROWTH 


It was stated that this method of estimating the importance of the gen- 
eral factor does not assume proportional growth of all parts as due to the 
latter. It is interesting to find the relation between change in each part and 
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change in the hypothetical general factor. The regression of each part on 
general size is proportional to the product of the coefficient of variation into 
the path coefficient. These products are given in table 1 under the head pC. 
It appears that with increasing size the breadth of the skull falls off rela- 
tively to the humerus and femur while the length of the skull becomes dis- 
proportionately great. The larger rabbits are more dolichocephalic than 
the smaller ones, as noted by CASTLE (1914). 

At this point the question is likely to be raised as to whether it would 
not be well to get rid of the relativity of the conception of general size by 
treating the general factor as one causing proportionate growth in all parts. 
Under this conception, the products pC must all be alike and consequently 
the path coefficients must be proportional to the reciprocals of the coeffi- 
cients of variation. This leaves only one unknown to be determined. One 
may equate the observed correlations each to a product of the type X?/CiC, 
and find that value of X*? which will make the sums equal (thus minimizing 
the residuals), or, otherwise, that which will avoid significant negative re- 
siduals. Unfortunately, the residuals that result from this method are a 
meaningless lot as compared with those obtained by the other method. A 
positive residual may as before indicate a common factor apart from gen- 
eral size, but it may also indicate that the two parts otherwise unrelated 
happen to increase to a disproportionate extent with increase in general 
size. There seems to be no way of disentangling the effects of group factors 
from effects of heterogony with this method of attack. 


ANALYSIS OF F; AND Fe FROM A WIDE CROSS 


The data analyzed above were not satisfactory for determining the roles 
of heredity and environment in relation to the various classes of growth 
factors—general, group and special. They consisted of a mixture of F;’s of 
a cross between two races of rabbit, differing considerably in size, with the 
backcross to the smaller race. It has therefore seemed of interest to apply 
the same sort of analysis separately to the F, and F, generations of a cross 
between races of rabbits (Polish and Flemish giant) at opposite extremes 
in size, using the figures published by CasTLE (1922). It seemed desirable 
to have each system of correlations depend on exactly the same individuals 
throughout. Accordingly only those rabbits were considered for which all 
7 of the chosen measurements, body weight, length and breadth of skull 
(posterior zygoma), ear length and lengths of humerus, femur and tibia, 
were complete. There were 112 F;’s with complete records and the con- 
stants and correlations have all been recalculated to apply to just these 
animals. In making the calculations, their weights were grouped in 50 gram 
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intervals (1550-1599), the skull breadth in 0.5 mm intervals, the ear length 
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in 0.2 mm intervals and the others in 1.0 mm intervals. SHEPPARD’S cor- 
rection was used in calculating the standard deviations for their own sake 


and for use in calculating the correlation coefficients. There were only 27 


F, rabbits available and the statistical constants were obtained without 
grouping. The data and deductions are presented in tables 3 to 6 in a simi- 


TABLE 3 


Statistics of 27 rabbits of F of cross between Polish and Flemish giant calculated from data of CASTLE 
1922. Symbols as in table 1. Weight in grams. Other measure in mm. 


























MEAN sD Cc p pc 
W (weight) 2506.00 187 .00 7.47 .338 2.52 
L (length of skull) 75.55 1.31 1.74 .730 i 
B (breadth of skull) 42.23 1.01 2.40 .421 1.01 
E (ear length) 10.94 38 3.44 419 1.44 
H (humerus) 66.18 1.18 1.78 .790 1.41 
F (femur) 83.39 1.65 1.97 .824 1.47 
T (tibia) 96.19 2.79 2.38 .596 1.42 

TABLE 4 


Analysis of correlations between measurements of the F, rabbits described in table 3. Symbols as in 
table 2 except that column giving contribution of sex to correlations is introduced. This is not used in 
calculating A, ri2.G, etc. p' 1iGp'2g =0.749 pigpr. 








r P1GP2G Pesiceptr i A 112-G | P'1GP’2G a’ r’12-G 
W-L 0.408 0.247 +0.01 | +0.161 +0.25 0.185 +0.223 | +0.30 
W-B 0.352 0.142 —0.12 | +0.210 +0.25 0.106 +0.246 | +0.28 
W-E 0.176 0.142 +0.02.} +0.034 +0.04 0.106 +0.070 | +0.08 
W-H 0.216 0.267 —0.03 | —0.051 —0.09 0.200 +0.016 | +0.02 
W-F 0.172 0.279 —0.03 | —0.107 —0.20 0.209 —0.037 | —0.06 
W-T 0.037 0.201 —0.04 | —0.164 —0.22 0.150 —0.113 | —0.14 
L-B 0.388 0.307 +0.02 | +0.081 +0.13 0.230 +0.158 | +0.22 
L-E 0.396 0.306 0.00 | +0.090 +0.15 0.229 +0.167 | +0.23 
L-H 0.572 0.577 +0.01 | —0.005 —0.01 0.432 +0.140 | +0.25 
L-F 0.504 0.602 0.00 | —0.098 —0.25 0.451 +0.053 | +0.10 
L-T 0.351 0.435 +0.01 | —0.084 —0.15 0.326 +0.025 | +0.04 
B-E 0.243 0.176 —0.05 | +0.067 +0.08 0.132 +0.111 | +0.13 
B-H 0.323 0.333 +0.10 | —0.010 —0.02 0.249 +0.074 | +0.11 
B-F 0.251 0.347 +0.07 | —0.096 —0.19 0.260 —0.009 | —0.02 
B-T 0.118 0.251 +0.11 | —0.133 —0.18 0.188 —0.070 | —0.09 
E-H 0.448 0.331 —0.01 | +0.117 +0.21 0.248 +0.200 | +0.29 
E-F 0.206 0.345 —0.01 | —0.139 —0.27 0.258 —0.052 | —0.08 
E-T 0.097 0.250 —0.02 | —0.153 —0.21 0.187 —0.090 | —0.11 
H-F 0.653 0.651 +0.02 | +0.002 +0.01 0.487 +0.166 | +0.32 
H-T 0.423 0.471 +0.03 | —0.048 —0.10 0.353 +0.070 | +0.11 
F-T 0.840 0.491 +0.02 | +0.349 +0.77 0.368 +0.472 | +0.79 
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lar form to that used in the preceding case. The figures differ but slightly 
from those given by CASTLE (in so far as presented by him). Comparison 
of the coefficients of variation of the two populations brings out the uni- 
formly greater values in F, which CASTLE discussed as evidence for genetic 
segregation of multiple factors. 


TABLE 5 


Statistics of 112 rabbits of F2 of cross between Polish and Flemish Giant, calculated from data of 
CastLe (1922). Symbols as in table 1. 


























MEAN sD Cc p pC 
W (weight) 2127.0 255.00 11.99 0.784 9.40 
L (skull length) 74.3 3.09 4.21 0.849 3.5% 
B (skull breadth) 40.9 1.17 2.86 0.514 1.47 
E (ear length) 10.7 0.59 5.47 0.704 3.85 
H (humerus) 64.1 2.93 4.57 0.934 4.27 
F (femur) 80.5 3.80 4.72 0.929 4.38 
T (tibia) 93.5 4.82 5.15 0.852 4.39 
TABLE 6 


Analysis of correlations between measurements of F2 rabbits described in table 5. Symtols as table 2, 
P'igh'’2g=0.900 pichr. 
































CONTRIBU- , , ’ , 

r P1GP2G ence OF eux 4 T12-G P 1GP 2G 4 T12-G 

W-L 0.731 0.666 0.00 +0.065 +0.20 | 0.600 +0.131 | +0.33 
W-B 0.495 0.403 | —0.06 +0 .092 +0.17 | 0.363 +0.132 | +0.23 
W-E 0.594 0.552 0.00 +0 .042 +0.10 | 0.497 +0.097 | +0.20 
W-H 0.717 0.732 0.00 —0.015 —0.07 | 0.659 +0.058 | +0.19 
W-F 0.676 0.728 | —0.03 —0.052 —0.23 | 0.655 +0.021 | +0.07 
W-T 0.583 0.668 | —0.04 —0.085 —0.26| 0.601 —0.018 | —0.05 
L-B 0.491 0.436 0.00 +0.055 +0.12 0.393 +0.098 | +0.19 
L-E 0.663 0.598 0.00 +0 .065 +0.17 0.538 +0.125 | +0.28 
L-H 0.743 0.793 0.00 —0.050 —0.26| 0.714 +0.029 | +0.11 
L-F 0.744 0.789 0.00 —0.045 —0.23 | 0.710 —0.034 | +0.12 
L-T 0.679 0.723 0.00 —0.044 —0.16 | 0.651 +0.028 | +0.08 
B-E 0.442 0.362 0.00 +0.080 +0.13 | 0.326 +0.116 | +0.18 
B-H 0.437 0.480 0.00 —0.043 —0.14 | 0.432 +0.005 | +0.01 
B-F 0.411 0.478 | +0.04 —0.067 —0.21 | 0.430 —0.019 | —0.05 
B-T 0.352 0.438 | +0.07 —0.086 —0.19 | 0.394 | +0.042 | —0.08 
E-H 0.650 0.658 0.00 —0.008 —0.03 | 0.592 +0.058 | +0.17 
E-F 0.589 0.654 0.00 —0.065 —0.25 | 0.589 0.000 0.00 
E-T 0.526 0.600 0.00 —0.074 —0.20 | 0.540 —0.014 | —0.03 
H-F 0.898 0.868 0.00 +0.030 +0.23 | 0.781 +0.117 | +0.53 
H-T 0.859 0.796 0.00 +0 .063 +0.34 | 0.717 +0.142 | +0.52 
F-T 0.944 0.792 | +0.03 +0.152 +0.78 | 0.713 | :+0.231 | +0.83 
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The primary correlation coefficients of the two populations differ greatly. 
Those of F; are mostly small. They seem rather erratic as expected from 
the large standard error. The much larger correlations in F; indicate a 
much greater role of general size factors and support CASTLE’s view that 
most of the genetic variability is of this sort. However, on making the same 
sort of analysis as with MACDowELL’s rabbits, the minimized residuals 
and especially the deduced partial correlations for constant general size, 
come out astonishingly similar in F; and F;. Only two of the 21 signs are 
different and even the values are for the most part closely similar. As in 
MacDowELv’s data, the residual correlations between head and leg meas- 
ures are all negative. Again, it has seemed desirable to eliminate signif- 
icant negative residuals by reducing the path coefficients. The same 
method was followed in this and in all other cases, that of equalizing the 
averages of the 4 correlations between head and hind leg measures in the 
observed and calculated data. In this case, the path coefficients were mul- 
tiplied by 0.865, in the F; data, by 0.949 in F, to obtain the revised esti- 
mates. The correlation between the revised partial correlation coefficients 
of F, and F, comes out +0.85+0.06, indicating that the similarity of the 
residuals in these two populations can not be accidental. 

Examination of the partial correlations indicates the existence of a head 
group including the ears as well as the length and breadth of the skull. 
Curiously enough, body weight appears to be associated with this group 
rather than with the legs. Moreover, it is not as strongly correlated with 
the general factor as are the leg bones and skull length. The leg bones form 
a second group with additional factors indicated for the hind leg bones. It 
will be seen that these indications agree qualitatively (as far as comparison 
can be made) with those from MAcDowELvL’s rabbits. There is a difference 
in the absence of any indication of a common factor for proximal long bones 
(humerus and femur) in addition to those for leg bones in general. There is 
also a little more indication than the negligible one in the MACDOWELL 
rabbits for a closer relation of humerus to head than of hind leg bones to 
head. The indications from the F; data are practically the same as from the 
F,, except that they agree with the MACDowELL rabbits in showing more 
residual relation between humerus and femur than between humerus and 
tibia. They go beyond the F; data in indicating a relationship of humerus 
to head measurements not shared by the hind legs. In both F; and Fy, 
much the highest residual correlation is that between femur and tibia. 

Turning to the column pC in tables 3 and 5 for indications of heterogonic 
growth, it will be seen that F; and F, agree with each other but disagree 
with the MacDowELt rabbits in that the skull measurements fall off rela- 
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tively to the leg measurements with increasing general size. The ears in- 
crease with the legs in the F, data but fall off slightly in F:. Both agree with 
the MacDowE LL rabbits in the indication of increasing dolichocephaly with 
increasing size, the F, data showing this effect to an excessive c ent. In 
this connection, it is of interest that the large race used was much more 
dolichocephalic than the small race. The grea. difference in ear lengths can 
not ve due merely to he erogony. Ti. iaeans (in grams and mm) are given 
by CASTLE as follows: 


WEIGHT L B E H F T 
Flemish giant 3646 85.5 45.4 14.5 75.0 97.6 110.0 
Polish 1404 65.7 38.0 8.4 by i f (a 83.9 
Ratio 2.60 1.30 1.20 1.74 1.30 a 1.32 


A possibility which must be considered is that sex differences are respon- 
sible for the residual correlations in whole or part. There were 13 females 
and 14 males in the F; group and 52 females, 60 males among the F,’s. It 
happens, however, as CASTLE points out, that the sex differences in rabbits 
are small. The females were slightly heavier, there was no appreciable dif- 
ference in length of skull or ear length, while the males were slightly longer 
legged and broader headed. It is possible to calculate the variance due to 
sex by the formula q(1—q)A? where q is the proportion of males and A is 
the average sex difference. The ratio of the square root of this quantity, to 
the total standard deviation, with the sign of the sex difference gives the 
path coefficient measuring the influence of sex on the character. The prod- 
ucts of these in pairs give the contribution to the various correlations and 
are given in tables 4 and 6. It will be seen that sex differences are not re- 
sponsible for the important residuals. In fact the signs are in many cases 
the reverse of those of the calculated residuals which thus would take on 
added significance if corrected for sex. 


ANALYSIS OF MEASUREMENTS OF FOWLS 


Dunn (1928) has published a long series of bone measurements of hens 
from a White Leghorn flock which is well adapted to the present method 
of analysis. The records of many of the birds were incomplete but complete 
sets of measurements of length and breadth of skull, and lengths of hu- 
merus, ulna, femur and tibia, were available for 276 hens. Again it seemed 
desirable to restrict the data to complete records and all constants and 
correlations were recalculated for these alone. Length and breadth of 
skull were tabulated in 0.4 mm intervals (26.8—27.1, etc.), humerus, ulna 
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and femur in 1 mm intervals (57.0—57.9, etc.) and tibia in 2.0 mm intervals 
(96.0—-97.9, etc.). 

The results did not differ to any important extent from those which were 
reported by DuNnN who, however, gave only a few of the correlations. 


























TABLE 7 
Statistics of 276 White Leghorn hens, calculated from the data of DUNN (1928). Symbols as in table 1. 
MEAN SD Cc p pC 

L (skull length) 38.77 1.26 3.25 0.665 2.16 

B (skull breadth) 29.81 0.93 3.13 0.615 1.92 

H (humerus) 74.64 2.84 3.80 0.953 3.62 

U (ulna) 68.74 2.73 3.97 0.942 3.74 

F (femur) 77 .34 3.20 4.14 0.923 3.82 

T (tibia) 114.84 5.00 4.35 0.942 4.10 
TABLE 8 


Analysis of correlations between measurements of hens, described in tabie 7. Symbols as in table 2, 
P1460’ 2G =0.943 pighra. 














r P1GP2G A T12.G | P’1GP’2G A’ r’12.G 
L-B 0.584 0.409 +0.175 +0.30 0.385 +0.199 +0.32 
L-H 0.615 0.634 —0.019 —0.08 0.598 +0.017 +0.06 
L-U 0.601 0.626 —0.025 —0.10 0.590 +0.011 +0.04 
L-F 0.570 0.614 —0.044 —0.15 0.579 —0.009 —0.03 
L-T 0.600 0.626 —0.026 —0.10 0.590 +0.010 +0.03 
B-H 0.576 0.586 —0.010 —0.04 0.553 +0.023 +0.08 
B-U 0.530 0.579 —0.049 —0.18 0.546 —0.016 —0.05 
B-F 0.526 0.568 —0.042 —0.14 0.536 —0.010 —0.03 
B-T 0.555 0.579 —0.024 —0.09 0.546 +0.009 +0.03 
H-U 0.940 0.898 +0 .042 +0.41 0.847 +0.093 +0.61 
H-F 0.875 0.880 —0.005 —0.04 0.830 +0.045 +0.27 
H-T 0.878 0.898 —0.020 —0.20 0.847 +0.031 +0.20 
U-F 0.877 0.869 +0.008 +0.06 0.819 +0.058 | +0.32 
U-T 0.886 0.887 —0.001 —0.01 0.836 +0.050 +0.31 
F-T 0.924 0.869 +0.055 +0.43 0.819 +0.105 +0.59 




















Exactly the same method of analysis was followed as before, including 
revision of the contributions of the postulated general factor so as to make 
the average residual of the 4 correlations between head and leg measure- 
ments zero. The conclusions (tables 7 and 8) are clear cut and present much 
the same picture as the 3 rabbit populations. The most important factor 
is general in action, but the head measurements constitute a group with a 
common factor determining about 20 percent of their variances. The leg 
and wing measurements depend on a common factor, not operative on the 
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head, which determines 4 to 6 percent of their variances. There is an addi- 
tional common factor for the two wing bones, and also such a factor for the 
two leg bones which in each case brings the portion of the variance deter- 
mined jointly up to 9 to 12 percent. There are, however, no indications of 
joint variability of the homologous bones of the wings and legs independ- 
ently of the non-homologous bones. 


ANALYSIS OF VARIANCE 


Table 9 gives a summary of the percentage analysis of the variance by 
general, group and special factors for the four bodies of data. Only those 
group factors are recognized here which seem best established. The indica- 
tion of joint variability in humerus and femur and the relationship of the 
humerus to the head measurements are ignored, requiring a slight modifi- 
cation of the estimates previously given. These figures bring out the great 
importance of general size factors (except in the F; rabbits) emphasized 
by CASTLE and also the consistency with which certain group factors are 
indicated. These percentages are translated into actual variance in the last 
four columns. 

The comparison of the F; and F; variances throws some light on the 
question as to how far the various factors are genetic. A large part of the 
F, variance may be environmental, but at least the excess variance in F, 
must be interpreted as genetic due to segregation. The enormous increase 
in variance in F, due to the general factor is apparent. There is also, how- 
ever, an increase in every case in the variance attributed to the group and 
special factors. This indicates that genetic factors are involved here also. 
In the case of Dunn’s fowls, he was able to show that special genetic fac- 
tors were affecting the ratio of the two skull measurements, of the two wing 
measurements and of the two leg measurements. He found that different 
ratios came to be characteristic of different inbred strains. 

In concluding this analysis, the reader may feel that a somewhat in- 
volved procedure has merely brought out relations which might have been 
anticipated by anyone in advance. To this it may be said that the natural- 
ness and consistency of the groupings yielded by the analysis give evidence 
of the validity of a method which in other cases may bring to light more 
unexpected results and that in any case it is desirable to substitute quanti- 
tative determinations for vague opinions. 


SUMMARY 


A method is developed of analyzing the system of all possible correla- 
tions among a number of measurements of parts of the body, by which one 
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Analysis of variance, both in relative terms and in absolute terms, of measurements of 3 rabbit popu- 
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TABLE 9 





ms and one hen population. Indication of grouping of humerus with head group (9 percent in Fy 
bits, 3 percent in F2 rabbits) ignored. Also indication of grouping of humerus with femur to greater 
extent than with tibia. 





Weight 
General 
Head group 
Special 


ir length 
General 
Head group 
Special 


Skull length 
General 
Head group 
Special 


Skull breadth 
General 
Head group 
Special 


Humerus 
General 
Limb group 
Forelimb group 
Special 


Ulna 
General 
Limb group 
Forelimb group 
Special 


Femur 
General 
Limb group 
Hind limb group 
Special 


Tibia 
General 
Limb group 
Hind limb group 
Special 


PERCENTAGE OF VARIANCE 


DETERMINED 


« ACTUAL VARIANCE DETERMINED 
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may find the maximum effect compatible with the data which can be as- 
signed to a general size factor, and determine the nature and degree of in- 
fluence of residual group and special factors. The method is applied to pub- 
lished data on 3 populations of rabbits including F, and F; of a cross be- 
tween breeds at opposite extremes in size, and to data on White Leghorn 
fowls. In all of these (except the F; rabbits) the influence of general size 
factors preponderates, but the residuals indicate the existence of group fac- 
tors for the head apart from general size, of group factors for the forelimbs 
and hind limbs collectively, for the hind limbs separately and for the wings 
in fowls, the only case in which two fore limb measurements were available. 
Special factors acting on each part separately from the others are also indi- 
cated. The genetic differences in the rabbit case were largely in general size 
but to a small extent in group and special factors. 
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VI INTERNATIONAL BOTANICAL CONGRESS 


According to a decision by the V INTERNATIONAL BOTANICAL CONGRESS 
at Cambridge in 1930, the SrxtH ConcrREss will be held in Holland in 1935. 
An Executive Committee has been formed, the President of which is Pro- 
fessor Doctor F. A. F. C. Went (Utrecht), while Professor Doctor J. C. 
ScHouTeE (Groningen) will act as Vice-President, Doctor W. C. p—E LEEUW 
(Bilthoven) as Treasurer and Doctor M. J. Srrxs (Wageningen) as Secre- 
tary. The Committee has decided that the VI Concress will meet at 
Amsterdam, September 9-14, 1935. Scientific societies are kindly re- 
quested to reckon with these data in planning their own meetings. 
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